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ABSTRACT 
Linear polysulfides (LPs) are widely used in high performance sealants. The 
typical structure of the polymer is: 
H(SC21140CH2OC2H4S), H. 
We have completely characterised the complex components that make up 
commercially used LPs, by means of electrospray ionisation mass spectrometry (ESI- 
MS), combined with collision induced dissociation (CID). ESI has proved to be an 
invaluable mass spectroscopic technique in the characterisation of linear polysulfides. 
The individual spectra are well-resolved, enabling conclusions to be reached about 
the presence of variant mers (usually associated with additional oxymethylene or 
oxyethylene units or a monosulfide linkage, or some combination of these), and about 
the identity of end-groups and nature of the repeat unit. We have also been able to 
use ESI-MS to study the degradation reactions of LP pre-polymers. 
We have obtained spectra of Us using matrix assisted laser desorption 
ionisation time-of-flight mass spectrometry, QAALDI-TOF-MS), but these are not as 
informative as spectra obtained by ESI-MS. Field desorption mass spectrometry 
(FD-MS) has also been successful in characterising LP samples, but this technique is 
less generally accessible and much more time-consuming than either ESI-MS or 
MALDI-TOF-MS. 
Us degrade thermally and photochernically by two competing degradation 
pathways: 
i) a free radical autoxidation mechanism, and 
R) a hydrolysis mechanism. 
UV photolysis or pyrolysis of LP pre-polymers in the presence of air or 
oxygen resulted in the development of carbonyl groups detectable by IR and 13C 
NMR spectroscopy, while 2-D NMR studies and the highly characteristic field 
positions of the NMR resonances show the carbonyl group to be due to a formate 
ester. All thin film samples of cured LP, irrespective of the LP structure and curing 
agent, including ZL-2264 (with an extra CH2 linkage in the repeat unit), also 
produce this carbonyl absorption at 1725 cm7 1 when exposed to UV irradiation. The 
forMate ester anses as a result of a conventional free radical mechanism of 
autoxidation; attack at the C-H bond adjacent to the ether oxygen atom leads to a 
hydroperoxide and hence an alkoxyl radical, followed by scission to give'the formate 
ester. The study of liquid exudates formed when TBBP- and HDDA- cured LP cast 
blocks are exposed to prolonged periods of heat or UV irradiation also show the 
development of carbonyl bands at 1724 cm7' in their IR spectra, again indicating that 
degradation is occurring at least in part via a free radical mechanism. 
ESI-MS studies of degraded pre-polymer samples and liquid exudates show 
that, in parallel with the degradation route involving oxygenation of a methylene 
group, there is a hydrolysis mechanism involving initial cleavage of the formal group 
to release formaldehyde, followed by secondary reactions to give other products 
detected in the ESI-MS spectrum of the photolysate/pyrolysate. This mechanism is 
supported by the extremely slow degradation of ZL-2264, which has no formal group. 
The hydrolysis mechanism is the principal route for the degradation of LP pre- 
polymers and TBBP- and HDDA- cured LP block samples, while Us cured using 
ý&02 and NaB03 degrade almost exclusively via the free radical autoxidation 
pathway. 
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CHAPTER 1 
INTRODUCTION 
1.1 POLYSULFIDES 
1.1.1 FHSTORY AND DEVELOPNMNT 
The history of aliphatic polysulfides began in 1839 when Lowig and 
Weidmann reacted an aliphatic-alkylene derivative and an inorganic polysulfide'. 
Subsequently, they reacted 1,2-dichloroethane (chloratherin) with potassium 
trisulfide (K2S3) and produced a rubber-elastic substance. At the time, the actual 
importance of their discovery was not recognised: by synthesising this aliphatic 
polysulfide they had actually produced the world's first synthetic rubber. 
The next significant development came 85 years later in 1924 when C. J. 
Patrick attempted to develop an inexpensive anti-freeze compound. He attempted to 
convert 1,2-dichloroethane into ethylene diglycol using substances which reacted 
hydrolytically, 'e. g. sodium tetrasulfide (Na2 S 4) 3. However, instead of the desired 
product he always finished up with, a synthetic rubbery material. Patrick realised the 
commercial potential of this polysulfide latex because of its exceptional resistance to 
solvents such as benzene, gasoline and mineral oil. It also possessed excellent 
characteristics. An extensive research programme followed and in 1927 a patent on 
the manufacture of polysulfide elastomers was issued 4, the first of many. 
Polysulfide production is based on the mechanistically simple procedure of 
nucleophilic displacement of the chlorine substituent by the polysulfide anions. The 
equation below for the manufacture of "Thiokol Type N' is typical: 
Cl-CH2-CH2-Cl + nNa2S4 o (CH2-CH2-S-S-S-S)n + 2nNaCl 
1,2-dichloroethane + sodium tetrasulfide 0 polyethylene tetrasulfide + sodium chloride 
i 
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Global interest soon increased owing to the inexpensive and readily accessible 
raw materials such as sulfur, caustic soda, ethylene and chlorine used in the 
manufacturing process of polysulfide rubbers. However, these early polysulfide 
rubbers were far from ideal: they were difficult to process, had poor physical 
properties, possessed foul odours even after curing and gave off irritating fumes 
during manufacture. To alleviate these problems, from around 1940 onwards the 
monomer bis(2-chloroethyl)formal (CI-CH2CH20CH20CH2CH2-Cl) was used instead 
of 1,, 2-dichloroethane 7. 
A few years later, Patrick and Ferguson invented a process whereby the 
polymeric polysulfide, chains were cleaved to a predetermined stage producing curable 
thiol (-SH) chain terminatior?. Curing of these polymeric liquid materials by a simple 
oxidation process, Le oxidation of the thiol end groups to fonn disulfide linkages, 
resulted in the formation of a fully-chain extended, high molecular weight, crosslinked 
polymer. TWs resulted in an entirely new manufacturing concept; no longer was 
troublesome mixing equipment required and these liquid polymers could be moulded, 
absorbed in materials and cast as thin filme, all because of the chemical reactivity of 
the thiol end groups. 
Today, the thiol-terminated linear polysulfide (LP), represents the major 
proportion of all polysulfides produced. The modem manufacturing proces26 
involves mixing bis(2-chloroethyl)formal and sodium polysulfide (doped with sodium 
sulfonate and magnesium hydroxide), with 1,2,3-trichloropropane being added as a 
crosslinking agent. This mixture is reacted for three hours at 100T. The depleted 
polysulfide is then removed with warm water after which Patrick and Ferguson's 
2 
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splitting process is performed. Addition of Na2S03 chemically reduces the polysulfide 
linkages to disulfide groups and the addition of NaSH splits the disulfide linkages 
fbrn-ýing -SH and -SSH end groups. This cleavage occurs at both the internal and 
terminal groups. The final molecular weight is determined by the amount of sodium 
hydrosulfide and sodium sulfite added and normally ranges from 500 to 8000. The 
sulfite is understood to remove the labile sulfur in any thiomercaptide (RSSH) 
terminal groups formed on reduction by sodium hydrosulfide and remove any sulfur 
linkages of ranks higher than two. 
-RSs'sk- + Na2SO3 -RSSR- + 
Na2S203 
-RSSR- + NaSH o -RSH + NaSSR 
-RSSNa 
+Na2SO3 ---0' -RSNa + Na2S203 
Any small impurities formed during this manufacturing process could effect 
the degradation of these compounds. Clarified polysulfides, e. g. LP-32C, LP-2C etc., 
have recently become available: filtration leads to a lightened polymer Arith reduced 
alkalinity and this results in a more uniform, higher quality product. 
The general LP structure is as follows: 
/A 
H(SC21140CH2OC2li4S),, H (n=7 to 42) 
1.1.2. THE MATERIALS AND THEIR APPLICATIONS 
Curing LPs to high molecular weight elastomers is normally accomplished by 
oxidising the thiol end groups to disulfide bondS3,6. 
2-RSH +00 R-S-S-R + H20 
The curing agents most commonly used are oxygen donating materials 3,6 such 
as manganese dioxide, lead dioxide, calcium dioxide and sodium perborate, with lead 
31 
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dioxide and manganese dioxide being the most efficient inorganic curatives for LP 
polymerisation. There have been few mechanistic studies applied to the curing of 
polysulfides, however, there is strong experimental evidence from spin trapping 
experiments 9 to suggest that the curing reaction occurs via the thiyl radical, its 
subsequent dimerisation leading to the disulficle. 
RSH RS- 
RS'ºRSSR 
There are frequent references in the literature that temperature and humidity 
affect the rate of cure. It has been shown that increasing the trace levels of water in 
LPs leads to an acceleration in cure using a lead dioxide curing sysiem'O. The cure 
rate of a formulation involving an LP and lead dioxide increased significantly at higher 
temperatures". 
Organic oxidants such as benzoyl peroxide and tertiary-butyl hydroperoxide 
can also be used to polymerise LPs but are a less popular choice because they are 
more expensive and, unless reactions are carefully controlled, can result in unwanted 
side reactions. 
Cured polysulfides are now used in applications far beyond those based on 
solvent and fuel resistancd', for instance they have been employed as binders in solid 
fuel rockets. LPs are utilised as sealants in various industrieS3'6'12-14 
such as construction, automotive, marine, aircraft and insulating glass. Since their 
development in the 1940's they have had a long history of commercial use because 
they show good ageing properties and excellent weatherability. Typically the LPs are 
cured and compounded with fillers, plasticisers, dilutents, adhesion promoters, 
4 
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pigments and thixotropic agents. The actual formulation of the sealant depends on its 
final application. 
Many LP-based sealants are involved in outdoor applications and 
consequently the durability and service lifetime of these materials are important. 
Sunlight, temperature, humidity and ozone are all constituents of the environment 
which are known to influence polymer degradation. Degradation mechanisms for LP 
polymers therefore need to be identified in order to understand and improve their 
service lifetime. 
1.1.3 DEGRADATION OF LINEAR POLYSULFIDES 
The first extensive investigation into the degradation of Us was due to 
Rosenthal and Berenbaum of the Thiokol Chemical Corporation, New Jersey. Their 
I 
in-house report" emphasises the hydrolysis of the formal link as the initiating step in 
the thermal degradaflon, with the secondary reduction of disulfide links in the polymer 
backbone by the formaldehyde liberated in the firs .t step. They also refer to an 
oxidation step, of the formal bond, to produce formic acid which then catalyses the 
hydrolysis step. In suppoq of this conjecture, CaO acts as a stabilising agent against 
degradation. Another key feature of the overall degradation process is the conversion 
of the SH bands (2560 cm7 ') into OH (3 5 00 cm7 1) as degradation proceeds. Heating 
an LP in a sealed tube for a week led to a gas (mostly CO and C02), a liquid (H20+ 
HCO211) and a solid consisting of dithiane, poly(ethylene monosulfide) and another 
polymeric substance with elemental analysis indicating a structure containing a 
formate ester group: 
HOCH2CH2(SCH2CH2),, SCH2CH20COH 
5 
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This had IR frequencies of 1725 cm-1 and 3500 cm-'. It underwent pyrolysis to form 
dithiane. The latter observation, together with experiments using model compounds, 
pointed to a marked tendency for disulfide links to be converted, under these high 
temperature conditions, to monosulfide, the reductants being formaldehyde and 
formic acid. Hydroxylated thiols are known to undergo polymerisation reactions of 
the type: 
H+ A 
HOCH2CH2SH 0 HOCH2CH2(SCH2CH2)xOH (CH2CH2S)2 
The role of oxygen is important in the degradation of cured LP polymers: 
degradation occurs initially at the exposed surface of the bulk polymer and then 
proceeds inwards. Both blanketing the polymer with N2 and incorporating 
antioxidants exercise a stabilising influence. The existence of an induction period 
before the onset of serious hydrolytic degradation was attributed by these authors to 
the clear build up of formic acid via an autoxidation route; a scheme is illustrated 
overleaf 
More recent studies 
16-22 involving the effects of heat, water and the 
environment on the curing, storage and service lifetime of polysulfide-based aircraft 
sealants, have been extensively researched by a group in Australia led by Brenton 
Paul working for DSTO Materials Research Laboratory. This work summarises 
mainly means to improve the service lifetime and performance properties of these 
sealants, such as storage at sub-zero temperatures, rather than mechanistic details of 
how these sealants actually degrade. 
6 
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Scheme for LP autoxidation 
00 
H 02 OOH 
1h1 
-C2M-U-Ul-i-O-C2H4- -C21-I4-0-Un-U-ý-2n4- 
00 
11 
-U2t14-(-)-CH-()-C2H4- + OOH 
0 
11 
ý -C2H4-0-CH + 43 O-C2114- +0 OH 
H+ *OH 
-C2H4-0-( -O-C21-14- > -C2114-0- 0 CH-O-C2114- + H20 
02 
0-00 
1 
etc. -C21-I4-0-CH-O-C2I-I4- 
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Brenton Paul, Hanhela and Huang accept the importance of the hydrolysis 
mechanism in the degradation of LPs but draw attention to a parallel radical pathway 
for pyrolysis and the existence of backbiting mechanisms". 
CH2- 0 
PS 
-S- CH2 CH2 -S' 
s\/u 
CH2 - CH2 
,,,, 
CH2-CH2 \ 
s0 
S k-t12 
CH2 0 
"ýý CHf- CH2""' 
These authors noted the important role of the curative itself on the rate of 
thermal degradation. T&02 for example, is basic in character, which tends to suppress 
the acidolysis of the formal group but does not inhibit autoxidation. One of the 
findings of this thesis is that Mn02-cured LP pre-polymers degrade solely by 
autoxidation and there is no trace of a hydrolysis mechanism, whereas t-butyl 
hydroperoxide-cured LPs are extremely vulnerable to thermally induced and photo- 
induced hydrolysis. 
In their 1995 review, Kishore and GanesO concentrate largely on the 
hydrolysis mechanism and subsequent steps, e. g. 
-CH2CH2SSCH2CH2- + 
CH20 p2 -CH2CH2SH + HC02H 
-CH2CH2SH + HOCH2CH2S- o -CH2CH2SCH2CH2S-+H20 
8 
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1.1.4 CHARACTERISATION OF LPs 
Again there are surprisingly few documented accounts of the characterisation 
of LP polymers. Despite being developed in the 1940's and having a long commercial 
history, the detailed composition of these polymers was not established until 1991, 
when Mazurek and Moritz published their 13 C NMR assigmnents of LP pre- 
polymerS24 . Their analysis revealed the presence of a number of minor components 
incorporated in the polymers, the most important being the monosulfide and diformal 
ether analogues of the expected monomer unit. An earlier publicatior? ' in 1985 did 
. I.. 
report a preliminary 13 C NMR analysis of LPs but contains a number of incorrect 
assigmnents. 
Other documented analysis of polysulfides includes the determination of the 
thiol end groups by titration26 and the monitoring of the SH band at 2560 cm7 1 in the 
IR spectrUM27. This allows molecular weights to be calculated for the polymers and 
allows chemical cure levels to be estimated. It can also be used as a means of 
monitoring ageing because polysulfides can undergo a self-curing reaction with time 
0,0 - 
leading to a reduction of the thiol groups. Other attempts to detennine the molecular 
weight distribution, weight average and number average molecular weight have been 
carried out by Morton Thiokol using gel permeation chromatography2s. 
A recent publication by R. J. Coates et al 9 included the assignment of a 1H 
NMR spectrum for an LP. 
At the time the research on which this thesis is based was begun, the results 
detailed by Mazurek and MoritZ24 offered the most comprehensive and accurate 
analysis available. Therefore a fully detailed characterisation of LP pre-polymers 
seemed crucial, bearing in mind that any impurities found within the polymer may 
9 
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influence its degradation and result in a shorter service lifetime. This thesis includes 
development of a method of completely characterising the complex components that 
make up commercially used LPs, by means of electrospray ionisation mass 
spectrometry (ESI-MS), combined with collision induced dissociation (CID) to 
confirm the assignments made 29,30 . This 
is quite possibly the most detailed and 
comprehensive study of LP characterisation, offering a greater level of detail than the 
analytical methods associated with previous studies surnmarised in this section. 
1.2 POLYMER DEGRADATION 
1.2.1 GENERAL 
Most organic polymers undergo degradation or oxidation reactions when 
exposed to outdoor environments""'; this results in the deterioration of the 
mechanical properties of the bulk polymer and hence reduces the service lifetime of 
the material. 
When undergoing degradative and oxidative reactions, polymers 
undergo both chemical and physical changes. The usual physical changes are 
discolouration, crazing, cracking and loss of tensile strength, all of which are normally 
associated with chain scission reactions, i. e. cleavage of the polymer backbone, 
although sometimes crosslinking reactions may occur 37 . 
Chemical changes normally 
involve the formation of new functional groups, for example most polymers form a 
variety of hydroxyl/peroxide and carbonylic products when undergoing oxidative 
degradation reactionS32,36,37. When oxygen is readily available, free radicals, formed 
during cleavage of chemical bonds by exposure to UV or heat, react to form peroxyl 
radicals, which initiate a series of radical chain reactionS31,36. 
10 
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initiation initiator -> 
X- + RH -> R- + HX 
propagation R- + 02 -> ROO- 
ROO -+ RH -> ROOH + R- 
termination ROO-+ ROO--> non-radical products 
ROO -+ R- -> non-radical products 
R- + R- -> non radical products 
Autoxidation accounts for most failures of polymers exposed to 
outdoor environments by converting small amounts of hydrocarbon groups (RH) into 
hydroperoxide (ROO, -1)32 . 
The exact nature of the initiation step remains unresolved 
but possible candidates are: 
i) residual impurities from the polymerisation procesS32, 
ii) C-C cleavage processes occurring under mechanical strain or at 
39 defect centres , and 
iii) attack by'singlet oxygen produced by some photochemical 
proceSS32. 
Once hydroperoxides are present, they can be photolysed to RO e 
and-OH radicalS31,32 while carbonyl compounds can act as photogenerators of 
radicals via abstraction processesý2. 
ii 
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i. e. R, R2C=O hv--oI(RR2C=O)* p 3(RIR2C=O)* 
3(RIR2C=O) + R3H o RR2C--OH+R3- 
With an ever-increasing demand for polymer usage in outdoor applications, 
research on polymer degradation and stabilisation has become increasingly important 
in recent years. 
1.2.2 GENERAL NECHANISMS OF OXIDATIVE DEGRADATION 
IN LINEAR POLY1ýERS. 
Hydroperoxides are widely accepted as the vital intermediate stage in the 
oxidative mechanism for the thermal and photochemical degradation of polyolefins. 
I 
Over the past thirty years, extensive research has been carried out by various 
groupS40-55 to investigate the nature and role of these hydroperoxides in order to 
propose degradative mechanisms, particularly for polyethylene and polypropylene. 
Mechanisms for the oxidative degradation of polyolefins have been widely 
researched, and many general reviews are avaliable 31-35 . 
Although, schemes 1 and 2 
are widely accepted for the oxidation of polyethylene initiated thermally or 
photochernically, there is still some dispute over the exact initiation mechaniSMS56 
Scheme I illustrates a mechanism for oxidative chain scission in polyethylene while 
scheme 2 outlines a decomposition route which may occur in polyethylene if residual 
double bonds are present as an impurity in the polymer backbone. A mechanism for 
the autoxidation of polypropylene is illustrated in scheme 3. 
12 
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Scheme 1: 
1A 
auto-oxidation 
-CH2-CH2-CH2-CH2- 0 
0 
-CH2C \ 
OOH 
AH d 
4 
00 
-L;. t12L; tiL; H2CH2- +e OH 
II 
p OH 
-CH2CHCH2CH2- 
02/RH 
-CH2CHO +o CH2CHr 
\ 4e0 -CH2C 
%\ OH 
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Scheme 2: 
auto-oxidation 
r OH 
CH2 -C- CH2 - CH2 -CH2-C-CH-CH2- 11 11 
CH2 jh, 
ý 
CH2 
00 *OH 1 
CH2- C- CH- CH2 
11 
CH2 
0 Ho 
11 
- CH2 -C- CH2 
CH2 
Scheme 3 
cat 
\ 
* CH2 - 
or - CH2 - CHO 
CH2 
CH3 
CH2 - CH - CH2 
auto-oxidation 
0 
CH3 
I 
CH2 -C- CH2 I 
OOH 
CH3 
1 
OCH3 + -CH2-C-CH2-ý C112 UH2 
0 00 *OH 1 hv 
-CH2* + 
ý-CH2- 
- CH2 -C- CH3+ *CH2- 11 
0 
1 hv 
'H2* + CH3 
0 
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The most important reactions which occur within the degradative oxidation of 
f IIOWS56 
polyethylene areas 0 
i) cc-hydroperoxide formation from the vinylidene groups, present in the polymer 
backbone as impurities. 
CH2 CH2 
hv, A 
-C- CH2 - 02 -C-CH- I 
OOH 
.f" 
ii) Reactions induced by UV, heat and free radicals produce carbonyl groups and 
water, by the destabilisation and direct decomposition of these oc-hydroperoxides. 
/ 
hv, ä cC=0+ H20 
0H 0* H 
OH 0 OH 
iii) The carbonyl groups undergo Norrish type I and II reactions. 
0 
hv 
11 
-C -R --+ - Ce + R, 
and 
0H CH2 
11 1 
hv 
ll 
-C- CH2 - CH2 - Uti -0 -C-OH+CH2=CH- 
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iv) The formation of charge transfer complexes results in the generation of free 
radicals. 
PH + 02 o [PH ... 
021 o[ PH + 02'] 
free radicals 4 POOH -i [ Pe + H02 *]ýj 
v) Hydroperoxide decomposition and photo-initiation by trace metal ions, usually 
found in the polymer as an impurity during the manufacturing process, to yield free 
radicals. 
vi) Alkoxyl radical recombinations. 
2 PO9 POH + PC - OH + 
02 
11 
0 
As one would expect, polypropylene undergoes a similar oxidation route to 
polyethylene (see scheme 3). Most degradation mechanisms for polypropylene are 
based on the mechanism first published by Bolland and Gee 57,58 in 1946, whereby 
peroxide formation is vital to the formation of free radicals. In recent years, the 
photo- and thermal initiated oxidation of polypropylene has been extensively 
researched by Lacoste et al. 59-6' and Yang et at . 
62; their work has shown the 
predominant formation of the tertiary hydroperoxide during oxidative degradation. 
A surface analysis study involving the photo-oxidation of polypropylene 
blockS63' 64 showed high levels of chromophores at the exposed polymer surface-, 
these decrease in quantity with depth and are associated with restriction on oxygen 
diffusion and the usual competition with alkyl radicals in the inner layers of the 
polymer. Chromophore formation in the bulk polymer layers progressively increases 
with longer exposure times due to the development of cracks, which accelerates the 
16 
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diffusion of oxygen to deeper layers. A relationship between carbonyl group 
development and loss of tensile properties was discovered. 
Publications concerning the degradation pathways of poly(ethylene oxide) 
(PEO) and poly(propylene oxide) (PPO) have become available in the last decade; 
although the major degradation products have been completely defined, there still 
appears to be some dispute about the exact degradation mechanism. Griffiths et al. 65 
have studied the thermal degradation of PPO by 1H NMR and gas phase infra-red 
spectroscopy, and have proposed two mechanisms operating simultaneously based on 
hydroperoxide formation; they propose that oxidation occurs predominantly at the 
tertiary carbon atom as follows: 
HO-ICH2-CH(CH3)-01, -CH2-C(CH3)(OOH)-O-[CH2-CH(CH3)-O]yH 
HO-ICH2-CH(CH3)-O]., -CH2-C(CH3)(00)-O-[CH2-CH(CH3)-O]yH 
, #w 
9. 
HO* + RH 0 H20 + Ro 
where the RH is the polymer molecule and the Re radical generates further 
hydroperoxide. 
17 
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Mechanism 1: C-C bond cleavage adjacent to the alkoxyl radical centre takes 
place to generate the following products, followed by further peroxidation. 
HO-ICH2- (CH3)-O]rCH240 + 
i) + 02 
ii) + RH 
HO-ICH2-CH(CH3)-O],, -CH200H 
+Re +H20 
Mechanism 2: C-0 bond cleavage adjacent to the alkoxyl radical group occurs to 
generate the following 
HO-[CH2-CH(CH3)-O],, -CH2-C(O)CH3 + 90-[CH2-CH(CH3)-O]yH 
i) + RH 
HO-[CH2-CH(CH3)-O]yH 
+Re 
Both of these pathways involve reaction with an oxygen molecule to form a 
tertiary hydroperoxide followed by decomposition to an alkoxyl radical and an OH 
(CH3)C(O)-O-[CH2-CH(CH3)-O]yH 
(ACETATE ESTER) 
b HO-[CH2-CI-1(CH3)-01-C(0)H 
(FORMATE ESTER) 
18 
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radical, hence resulting in H20. These processes when occurring in parallel produce 
the acetate, formate and ketone end groups, but the acetate and formate are predicted 
to be present in equal amounts instead of the 2: 3 ratio found by NMR analysis. The 
authors suggest that more formate may be produced from the breakdown of the less 
probable secondary hydroperoxide. 
Lemaire et al. " have studied the photodegradation of PPO using solution 
infra-red spectroscopy, and have proposed a scheme whereby oxidation predominates 
via the secondgy carbon atom; oxidative degradation is proposed to occur by two 
pathways operating simultaneously. A cage recombination mechanism is also invoked. 
Although they suggest that the secondary hydroperoxide mechanism is preferred to 
the tertiary hydroperoxide mechanism (proposed by Griffiths et al. "'), they offer no 
detailed mechanism for this oxidation process. Schemes of these pathways are clearly 
67 
explained in a publication by Barton et al. whereby the themW degradation of PPO 
was studied by ESI and MALDI; their results support the role of the secondary 
alkoxyl radical. Their schemes of oxidation are illustrated as follows: 
t 
010 HO-[CH2. -CH(CH3)-O], rCH(OOH)-CH(CH3)-O-[CHrCH(CH3)-O]yH 
HO-[CHrCH(CH3)-O]. -CH(Oo)-CH(CH3)-O-[CH2-CH(CH3)-O]yH 
CAGE REACTION WITH HOo 
HO-[CH2-CH(CH3)-O],, -C(O)-CH(CH3)-O-[CH2-CH(CH3)-O]yH + H20 
19 
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The alkoxyl radical either undergoes a cage reaction as illustrated above or 
undergoes scission reactions as follows: 
Mechanism 1: C-C bond cleavage adjacent to the alkoxyl radical centre, takes 
place to generate the following products. 
*CH(CH3)-O-[CH2-CH(CH3)-O]yH + HO-ICH2-CH(CH3)-Oh-C(O)H 
ýRH 
i) 02 CH3CH20-[CH2-CH(CH3)-O]yH 
ii) RH 
HOOCH(CH3)-O[CH2-CH(CH3)-O]yH 90CH(CH3)-O[CH2-CH(CH3)-O], H 
+ H20 
-*CH3 
(CH3)(O)C-O[CH2-CH(CH3)-O]yH H(O)C-O[CH2-CH(CH3)-O]yH 
Mechanism 2: C-0 bond cleavage adjacent to the alkoxyl group takes place to 
generate the following products: 
H(O)C-CH(CH3)-O-[CH2-CH(CH3)-O]yH 
+ 
HO-ICH2-CH(CH3)-Olx-I[CH2-CH(CH3)-0401 
CH3 I +R11 
HC(O)-CH2[0-CH(CH3)-CH2]x-iOH HO-ICH2-CH(CH3)-O]xH + Re 
20 
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Although there may be dispute over the exact mechanism for the oxidative 
degradation of PPO, all publications outlined 5-67 agree that a formate ester is formed 
during pyrolysiS65,67 and photolySie6 
PEO also undergoes a similar degradation mechanism to poly(propylene) 59-62 
and ppO15-17; whereby the hydroperoxyl radical fonned as a result of UV or heat 
exposure decomposes by the loss of a hydroxyl. radical to produce an alkoxyl. radical, 
which undergoes further reactions like those illustrated previously for PPO. Cameron 
et a168,69 have studied the thermal degradation of PEO and its complex with metal 
salts; they found that the IR spectrum of the degraded material suggested a high 
concentration of formate was produced, with a lower concentration of ester and no 
aldehyde. This suggests that beta-2 scission of the alkoxyl radical is preferred to 
beta-I scission. They also attempted to characterise the secondary thermal 
decomposition products of PE068 . 
The degradation products of PEO have also been 
character, ised using pyrolysis mass spectrometry by Fares et afo, who conclude that 
thermal degradation occurs via C-0 and C-C scission reactions, with products formed 
2. 
as a result of C-0 scission being the most abundant. 
00 
The photodegradation of PEO has been researched by Rabek, et al . 
71, and 
Lemaire et al. 66 ; who propose that degradation occurs via the secondary 
hydroperdxide; the resulting alkoxyl and hydroxyl radicals then react as illustrated for 
PPO. 
1.2.3 STABILISATION AND PROTECTION OF POLYMERS. 
As discussed in section 1.2.2, polymers when exposed to heat or UV light are 
susceptible to the free radical process of autoxidation. In order to prevent the 
21 
Chapter 1: Introduction 
degradation of polymers and so increase their service lifetimes, many types of 
stabilisers have been developed in recent years. 
The use of carbon black as a stabiliser is widespread 72,73; the black powder 
absorbs incident light leading to the protection of the polymer against UV. Carbon 
black is also believed to act effectively as an antioxidant in polymer systems due to 
the presence of phenolic and quinonoid groups in its structure acting as radical 
scavengerS73 . Although the use of carbon 
black is efficient and economical, its use is 
limited by its colour. 
74 Gijsman et al . 
have found that the most effective stabilisers for aliphatic 
polyamides against thermoxidative degradation is a combination of metal (mainly Cu 
and Mn) and halogen (mainly Br and I) salts. The stabilisation mechanism is most 
probably based on the metal ion catalysed decomposition of hydroperoxides by the 
halogen salt. 
Antioxidants are widely used in polymer systems to prevent/reduce the 
autoxidation process. Flindered phenols and aromatic arnines are common chain- 
breaking donor antioxidants, and their mechanism of stabilisation, which has been 
documented by poSpiSil75-77, involves the reduction of the alkoxyl and peroxyl 
radicals. Their reaction with ROO radical leads to the formation of a hydroperoxide 
molecule and the (relatively stable) antioxidant free radical78 . Alternatively, chain- 
breaking acceptor antioxidants oxidise alkyl radicals; hindered amine light stabilisers 
(HALS) are a common example of this type of UV stabiliser. Extensive studies to 
establish the efficiency and mechanism of operation of HALS have been carried out in 
recent yearS76-81. Preventative antioxidants may also be used to stabilise polymers, the 
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most important of these being destroyers of peroxides such as phosphite esters, which 
act by removing hydroperoxides in a non-radical process". 
1.2.4 TECHNIQUES FOR MONITORING POLYMER 
DEGRADATION. 
Classical analytical techniques such as infrared (IR) spectroscopy, nuclear 
magnetic resonance (NMR) spectroscopy and gel permeation chromatography (GPQ 
have been applied to study the degradation of polysulfides. These techniques are well 
documented 82-84 and heavily utilised in polymer analysis. 
Chemical changes resulting from polymer degradation have been successfully 
2.33,37 
monitored using IR spectroscopy, especially for polyolefin type polymers3 
whereby the principal discernible changes are the development of hydroxyl bands in 
the region of 3000-4000 crrf 1, and carbonyl bands in the region of 1500-2000 cfff 1. 
This technique has been applied in this thesis to study polysulfide degradation, 
especially in cured-LP films (chapter 6). 
Degradation products have been identified successfully in polymers such as 
poly(ethylene oxide)85, poly(propylene oxide)65 and polypropylencý' using NMR 
spectroscopy. We have been able to use this technique as an aid in establishing the 
degradation products formed in LP pre-polymers and to analyse the liquid exudate 
which forms in heavily degraded TBIIP-cured polysulfidc. GPC has also been 
successful in monitoring molecular weight changes occurring in polystyrene and 
polypropylene as a result of photo-oxidation86. We have used this technique to study 
molegular weight changes in degraded pre-polymer samples. 
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We have also applied certain of the relatively new soft ionisation mass 
spectrometry techniques, such as electrospray ionisation (ESI), matrix assisted laser 
desorption ionisation (MALDI) and field desorption (FD) to characterise fully 
polysulfides and to study their degradation pathways. These ionisation techniques are 
able to offer analysis of polymer samples without causing significant in situ 
degradation. MALDI and ESI have been used recently to characterise the thermal 
degradation pathways of pp067. We have successfully applied ESI combined with 
collision induced decomposition (CID) to characterise undegraded and degraded 
polysulfides. 
We have also made an attempt to characterise UV-induced changes at the 
polymer surface by using techniques such as X-ray photoelectron spectroscopy 
(XPS), static secondary ion mass spectrometry (SIMS), attenuated total reflectance 
infrared spectroscopy (FTIR-ATR) and surface Raman spectroscopy but with only 
very limited success. 
1.3 MASS SPECTRONIETRY OF POLYMERS 
1.3.1 GENERAL 
Mass spectrometry is the commonest technique used to determine the relative 
molecular masses (RN" of large organic molecules. Although cornmercial mass 
spectrometers have been available for more than 50 years, their real potential has been 
fully realised only in the last twenty years, when research groups in biosciences were 
able to obtain molecular weight and structural information of proteins, peptides and 
other biological polymers by means of using mass spectrometry 87 . 
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In recent years, the analysis of synthetic polymers by mass spectrometry has 
been carried out with the use of soft ionisation techniques such as FD, MALDI and 
ESI. Mass spectrometry is a powerful analytical tool for polymer analysis, and 
modem instruments can directly measure the molecular masses of oligomers and give 
detailed structural information! 7. The development of tandem mass spectrometers has 
permitted the application of CID experiments, which may be used to obtain structural 
information to confirm the assignments of individual oligomers. 
1.3.2 ELECTROSPRAY IONISATION 
Electrospray ionisation (ESI) is a method whereby ions present in solution are 
converted into characteristic gas phase ions which the mass spectrometer can analyse. 
A solution is nebulised under the influence of a high electric field; desolvation of the 
resultant aerosol is then achieved using a combination of heat, gas flow and vacuum. 
Employing supersonic beam methods, characteristic gas phase ions are efficiently 
formed for mass spectrometric analysis". Tons formed by means of using this 
ionisation method are typically multiply-charged species, i. e. macromolecules with a 
number of protons/cations attached. 
Electrospray ionisation was first applied to macromolecules in 1968 by Dole 
et al. "; in a later study using lysozyme they demonstrated the phenomenon of multiple 
chargine. Publications about ESI coupled to a mass spectrometer were made by two 
groups in 1984 namely, Fenn et al. 90 and Aleksandrov et al. 9' Fenn et al. have shown 
that ESI has the ability to produce multiple charging in poly(ethylene glycols), with 
samples of 17 500 Da beating up to 23 charges per iol? 
2. 
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Many schemes are available to describe the desolvation of the charged 
droplets in ES188,92-98, but the actual mechanism still remains unresolved. The most 
widely accepted mechanisms are the charge residue model (CRM) sometimes referred 
to as the single ion droplet theory (SIDT), and the atmospheric pressure ion 
evaporation model (IEM). 
The CRM theory was initially suggested by Dole et al. " and later promoted by 
Rollgen and co-workers? '. Rollgen suggested that gas phase ions arise from the 
desolvation of very small droplets at the Rayleigh limit. Droplets formed contain only 
one analyte ion, and solvent evaporation from the droplet arising from instabilities at 
the surface results in the formation of gas phase ions. This generates, according to 
Doless, singly-charged molecular ions. 
The EEM theory was originally propo*sed by Thomson and Iriban69"8 and 
1010 
further developed by Fenn et al. 92-94 Thomson and Iribane proposed the formation of 
droplets containing many solute ions; as a consequence of the desolvation process the 
dimneter of these droplets decreases, leading to an increase in surface charge density 
and coulombic repulsive forces. This continues until the repulsive forces overcome 
the surface tension, i. e. the Rayleigh stability limit is exceeded, and the droplet 
ruptures to form smaller fragment droplets, and evaporation then continues for this 
next generation of smaller droplets. 
Research by Fenn et al. has further developed the IEM model and attempts to 
explain how large molecules such as proteins and poly(ethyl glycol)' could carry 
many positive charges from the attachment of metal cations or protons. Multiple 
charging is thought to Occur by shrinkage of the highly charged droplet; as the solvent 
evaporates the droplet diameter decreases, while the number of charges remains 
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constant within the liquid volume. The "decreasing size and rupture" process 
continues until smaller droplets are produced. Studies suggest that at sufficiently high 
charge densities, multiply charged ions may desorb under the influence of the external 
electric field 94.96 . The point of ion desorption depends on the size of the molecule and 
the number of charges attached 94 . 
A schematic diagram of the electrospray source of the "Quattro 11" 
(Micromass UK Ltd. ) tandem quadrupole mass spectrometer is illustrated in fig. 1.1. 
In ESI experiments the source is approximately at ambient temperature and 
atmospheric pressure. 
The sample is injected into the mobile phase which is pumped (rate ;: t: 1-20 ýt 
L min" ) through the capillary. An electric potential of 2-5 kV exists between the fine 
steel spraying capillary and the counter electrode, otherwise known as the high 
voltage (HV) lens. As a result, the solution emerging from the capillary forms a fine 
spray of charged droplets containing both analyte ions and solvent. Desolvation is 
initiated by the use of a nitrogen bath gas which sweeps away any solvent vapour. 
These partially desolvated ions then migrate towards the sample cone through 
the HV lens, which is heated to aid further desolvation and serves to remove 
involatile material which may cause blockages to the cone; it also focuses the ions 
through the cone orifice (0.2 mm i. d. ) into the first vacuum stage (-- Ix 10-' mbar). 
The sample cone is held at a voltage of 0-200 V but for most experiments, it is set at 
30-60 V. As the voltage is increased, the most probable number of charges on a 
sample molecule falls", presumably due to the stripping of protons or other cations. 
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Fig. LI: A schematic diagram of the interface of an electrospray source 
to a triple quadrupole mass spectrometer. 
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Above about 125 V, significant collision-induced decomposition of the various 
multiply-charged ions occurs, yielding fragment ionsIOO of the type observed in the 
CID spectra"' of individual precursor ions. This process is often referred to as 
c skimmer CID'. A portion of the ion beam then passes through the skimmer assembly, 
consisting of the skimmer lens (offset from the skimmer cone by 5 V) and skimmer 
cone (0-3 V), to be delivered to the second vacuum stage (, & 4x 104 mbar), which 
contains the quadrupole mass analyser. The skimmer assembly aids the diffusion of 
solvent molecules away from the mass analyser. 
The ions are then analysed by the quadrupole mass analyser which is 
constructed from four equally spaced parallel rods of a hyperbolic or circular cross 
section; a potential is applied which creates an electric field. Mass selection is 
achieved if the ions follow a stable path between the four rods. The instrument used in 
our experiments is a quadrupole-hexapole-quadrupole (QhQ) instrument in which the 
first quadrupole passes deflected ions onto a photomultipler detector system, when 
the instrument is used as a simple quadrupole mass analyser. 
During CID experiments, ions selected by the first quadrupole are deflected 
into a hexapole collision cell, containing argon as the collision gas, while a second 
quadrupole is used to select the fragment ions arising during CID. Additional 
information may be obtained from a precursor ion scan in wl-dch all precursors of a 
chosen product ion are identified by scanning the first quadrupole mass analyser while 
holding the second quadrupole mass analyser constant to transmit the ion of chosen 
M/Z. 
The upper mass limit of the quadrupole depends on the length of the rods and 
rod geometry. Typically, commercial instruments such as the "Quattro 11" (used in 
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our experiments) offer a mass range of I to 4000 Daltons for singly-charged ions. 
Since ions formed by electrospray ionisation are usually multiply-charged species, the 
m1z ratio for macromolecules is a fraction of the actual molecular weight. ESI-MS has 
successfully analysed poly(ethylene glycol) samples of masses up to 5 00000093 . The 
number of charges formed normally depends on experimental and solution conditions 
such as PH87 
Although ESI is an extremelY popular technique for analysing biological 
molecules, its application to polymer characterisation is still in its infancy. This is 
probably due to the difficulty in finding a suitable solvent system in which the polymer 
and salt are completely soluble. Corless and co-workers 102 have analysed low 
molecular weight polystyrene samples by electrospray. They could not however 
obtain structural information for samples of molecular masses higher than the mass 
limit of the instrument. This could be due to a lack of multiple-charging of PS 
oligomers or a problem with higher mass oligomers being less soluble in the solvent 
system used. 
An. alterfiative approach to ainalYsing large synthetic polymers is to couple a 
'010 - GPC column to an electrospray ionisation mass spectrometer. Each oligomeric 
fraction thai elutes from the GPC column is then measured directly by the mass 
spectrometer without interference from multiply-charged species of adjacent 
oligomers. This approach has been successfully adopted by Prokai and 
03,104 Simonsick' 
Since ESI is a soft ionisation technique, structural information is usually 
obtained by collision-induced decomposition (CID)'O'; surprisingly there are few 
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reported studies using ESI/CID for characterising polymeric materials; however 
polyglyCOIS106 have been characterised by this method. 
1.3.3 MATRIX ASSISTED LASER DESORPTION IONISATION 
Matrix assisted laser desorption ionisation (MALDI) is a recently developed 
soft-ionisation technique, which has been extremely successful in the analysis of large 
biological molecules and more recently, in the characterisation of synthetic 
polymers"' 
Up until the late 1980's, laser desorption. mass spectrometry was a popular 
technique used to analyse polymers. This ionisation technique involves a pulsed UV 
laser which is focused on to a solid sample; the energy from the laser is transferred to 
the analyte molecules, leading to ionisation and vaporisation'07 . The pulsed nature of 
the laser is an important feature since it allows a simple time-of-flight (TOF) 
spectrometer to be used, which is able to generate a complete mass spectrum for each 
ionisation event, with unlimited mass ranges"'. Generally though, direct UV-laser 
desorption is only viable for polymer molecules with a mass range below 2 000 Da, 
owing to the intense laser energy and the fragility of the polymer chains'09. 
MALDI as introduced by Karas and lEllenkamp"0, "' is a development of the 
laser desorption technique, with the major difference being the mode of sample 
preparation. In MALDI the sample is not irradiated directly but is deposited in a 
solution containing a large excess of matrix molecules which absorb at the same 
wavelength as the laser. After solvent evaporation, a residue remains which consists 
of well-separated analyte molecules homogeneously dispersed in a 'sea' of matrix 
molecules'07 . The energy of the laser is transferred to the matrix and a small fraction 
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of the matrix vaporises, carrying with it intact analyte molecules into the gas phase. 
Although this part of the process is completely understood, the mechanism of transfer 
of charge to the polymer chains is not resolved. Karas' 12 proposes a 'photochemical 
ionisation' model to explain this phenomenon, whereby protonated matrix molecules 
generated by the laser irradiation act as proton donors to form analyte ions by gas- 
phase reactions. While this is conceivable for biological polymers soluble in aqueous 
media, it is an unlikely explanation for synthetic polymers dissolved in organic 
solvents. 
MALDI analysis of most synthetic polymers has remained problematic even 
in recent years, which is attributed to the lack of a range of suitable matrices. Most 
matrices available are used for water soluble biopolymers such as proteins and 
peptides; evidently more ionic or polar polymers such as polyglycols can be 
successfully analysed using matrixes such as 2,5-dihydroxybenzoic acid and sinapinic 
acid, but these matrices are unsuitable for non-polar polymers. The criteria for an 
f IIOWS: 107 appropriate matrix areas 0 
ý4,0 
i) absorption in the correct wavelength range ( i. e. of the laser frequency) 
ii) solubility in a solvent compatible with the analyte, 
iii) no interaction with the analyte and 
iv) miscibility with the analyte in the condensed phase. 
Even if all these criteria are met, the efficiency of the matrix candidate is impossible to 
predict while the desorption and ionisation processes occurring are not completely 
understood. The difficulty in finding a suitable matrix is therefore a similar problem to 
that of finding the correct combination of solvent system and salt in ESI-MS. 
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Possible matrices suitable for polymer analysis are - 2-nitrophenyl octyl 
ether' 10,113 , 2-cyano-5-phenyl-2,4-pentadienoic acid"", quinizarin"' and 
indole acrylic 
acid' 16 . For non-polar synthetic polymers, salts such as those of silver, copper and 
cobalt"' are often introduced to promote ionisation. 
Karas, Hillenkamp and co-workers"' have used NLALDI as a technique to 
analyse synthetic polymers in the range of 1000 to 70 000 Da. They have obtained 
positive-ion spectra for poly(ethylene glycol) vAth masses up to 40 000 using 2,5- 
dihydroxybenzoic acid as a matrix; they also used this matrix to analyse poly(methyl 
methacrylate). Analysis of polystyrene samples was unsuccessful using 2,5- 
dihydroxybenzoic acid as a matrix as the analyte phase separates upon deposition, 
spectra of these less polar polymers with masses up to 70 000 were obtained using 2- 
nitrophenyl octyl ether as matrix with added silver trifluoroacetate to promote the 
production of positive ions. Danis et al. 117 have obtained a negative-ion spectrum for 
a water-soluble poly(styrene sulfonic acid) sample with a mass of 200 000 Da. Other 
synthetic polymers analysed recently using MALDI include poly(vinyl acetate) 116 
polybutadiene... and poly(propylene oxide)67,113. 
Evidently the correct choice of matrix and salt to achieve ionisation of intact 
polymer chains is necessary to the MALDI process. Another criterion to consider 
when acquiring MALDI spectra is the ratio of matrix to polymer used to prepare 
samples prior to analysis. 
MALDI is normally only successful in obtaining accurate molecular weight 
information for polymer samples with narrow molecular weight distributions. 
Montaudo et al, "' have been able to obtain accurate molecular weight information for 
polydisperse samples by fractionating samples using GPC prior to MALDI. Selected 
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fractions were analysed using MALDI-TOF-MS and the average molecular weights 
calculated. 
No previous studies of LP characterisation by MALDI have been published; 
therefore a wide variety of matrices, salts and concentration levels were examined 
before our first MALDI spectrum of an LP was obtained. Since commercial LPs are 
polydisperse, it seems unlikely that accurate molecular weight information could be 
obtained unless samples were fractionated using GPC prior to MALDI analysis. The 
significant advantages of using MALDI for the analysis of Us are- 
i) once a suitable matrix system is found, sample preparation is quick and 
easy, 
ii) MALDI instruments are quicker and significantly easier to operate than 
many mass spectrometric techniques, including ESI. 
It was hoped that MALDI could be utilised as a quick and simple technique to 
characterise LP samples and study their degradation pathways. 
1.3.4 FIELD DESORPTION 
Prior to the development of MALDI and ESI, the most utilised ionisation 
method for obtaining molecular weight measurements of polymers by mass 
spectrometry was field desorption (FD). FD has been used successfully to analyse a 
wide variety of synthetic polymers including poly(ethylene glycol)'19 polyethylene 120 
and polybutadiene, 12' however, it is most suitable for analysing aromatic polymers 
122-124 such as polystyrene Structural information about synthetic polymers may be 
124 
confirmed by collision induced decomposition spectra of radical ions . 
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Field desorption was developed by Beckey 125 in 1969; the basic concept of 
this ionisation technique is that samples are deposited and desorbed from an emitter. 
The emitter is typically a tungsten wire treated with pyrolysed benzonitrile to create 
carbonaceous dendrites at the surface. The sample is applied as a solution to the 
emitter and collects at the dendrite vertices, and a high potential is then applied to the 
emitter by electrical heating. A very high local field strength is created around the 
dendrite structures promotes ionisation of the sample into the gas phase. 
FD-MS tends to produce ions such as'[M+H]+ or [M+Cation]+., where the 
cation is an alkali metal such as sodium. To obtain good quality spectra by FD-MS an 
emitter current is established whereby intense molecular ion signals are detected with 
little fragmentation. 
1.3.5 MASS SPECTROMETRY OF POLYSULFIDES 
Although there are no previous publications involving the mass spectrometry 
of LPs, a number of studies involving sulfur-containing polymers have been carried 
out by Montaudo and co-workers 
126-"0. They have utilised direct pyrolysis in the ion 
source of a mass spectrometer (DPMS) to obtain information on the thermal 
decomposition processes of the following: poly(phenylene sulfide)126 , 127 , aliphatic 
polysufides 128 poly(thiomethylene), poly(thiotrimethylene). poly(thiolethylene), 
poly(thiohexamethylene) and a variety of aliphatic-aromatic polysulfides 129 . 
They conclude that the primary thermal degradation products evolving from 
poly(phenylene sulfide) in the initial stages are cyclic oligorners 126,127 . This 
behaviour 
is characteristic of sulfur-containing polymers which have shown a tendency initially 
to produce cyclic oligomers; 
128,129 
most likely by a back-biting reaction initiated at the 
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chain ends. A second thermal degradatiop stage which often occurs in most 
sulfur-containing polymers, typically involves a P-CH hydrogen transfer process to 
produce compounds with thiol and olefin end Broups 
129,129 
Montaudo et al. have also used fast atom bombardment (FAB) mass 
spectrometry to identify oligomers formed in the polycondensation reactions leading 
130 to aromatic, aliphatic and aliphatic-aromatic polysulfides . Using this technique the 
formation of complexes was identified between cyclic sulfides and heavy metals such 
as Ag, Hg and Cu. 
1.4 OBJECT OF TI-HS WORK 
Little has been published in the open literature concerning the degradation 
processes undergone by LPs, despite their wide utilisation, therefore the object of this 
work was to fully investigate the degradation pathways of linear polysulfides 
manufactured by Morton Thiokol. In this research, we have utilised a wide range of 
analytical techniques to characterise this class of polymers and identify their 
degradation products. 
ESI combined with CID made possible a comprehensive study of LP 
characterisation, fbHowed by an extensive study of the thennal- and photo- 
degradation products of the pre-polymers and liquid exudates produced on photo- 
and thermal degradation. ESI-MS spectra of degraded samples, analysed alongside 
spectra obtained by classical analytical technique$ such as IR and NMR, have enabled 
us to confirm that polysulfides degrade by two competing mechanisms. 
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We have also attempted to characterise the photochemical processes 
responsible for the discolouration at the glass-polymer interface by utilising a wide 
range of surface analysis techniques. 
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CHAPTER2 
EXPERIMENTAL 
2.1 INSTRUMENTAL 
2.1.1 WFRARED (IR) SPECTROSCOPY 
IR spectra were obtained using a Perkin-Elmer 1720X FTIR 
spectrophotometer (range 5250-400 cnf 1). Resolution was precletennined at 4 cm I. 
2.1.1.1 INFRARED SPECTRA OF PRE-POLYMER FILMS 
Thin (ý-- 0.5 mm) pre-polymer films were mounted onto a sodium chloride 
plate and the spectra were recorded in the usual way. A library of IR spectra for all 
LPs fisted in table 2.2 was compiled at the beginning of the project, and a typical IR 
spectrum of a commercial LP is illustrated in fig. 2. I. Table 2.1 gives assignments of 
the major peaks. 
2.1.1.2 WFRARED SPECTRA OF CURED POLYMER FILMS 
Thin (g-- I mm) cured polymer films were mounted onto a cardboard holder 
(see fig. 6.3). Spectra were recorded in the normal manner. 
2.1.1.3 SOLUTION INFRARED SPECTRA OF LEACHED POLYMER 
SAMPLES 
Solution IR spectra were recorded using sodium chloride plates and I mm 
spacers. Chloroform was normally used as the leaching solvent. 
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TABLE 2.1 Assignments of the principal peaks in the IR spectrum of an LP. 
Frequency / cm7' Intensity Assignments and Comments 
; --3600 Weak Free water. Broad 
; 0500 Weak Intramolecular bonded hydroxyl. Broad. 
2921 
2869 
Strong Asymmetric and symmetric CH2 stretch. Sharp. 
2560 Weak S-H stretch. Sharp. 
2360 Weak Atmospheric C02 in background. 
1467 Medium CI-12-0, CH2 scissoring deformation. Sharp. 
1413 Medium CH2-S, CH2 stretch. Sharp. 
1197 Strong C-C-0 stretch. Sharp. 
1155 Strong Symmetric C-0-C stretch (C-0 stretching). Sharp. 
1114 Strong Asymmetric C-0-C stretch (C-0 stretching). Sharp. 
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2.1.1.4 INFRARED SPECTRA OF POLYMER SURFACES USING 
ATTENUATED TOTAL REFLECTANCE (ATR) INFRARED 
SPECTROSCOPY 
Polymer surfaces were examined using a horizontial. ATR attachment supplied 
by Spectra Tech Inc. which was connected to a Unicam Mattson model 1000 FTIR 
spectrometer. Connection and operation of the ATR attachment was carried out 
following the manufacturer's instruction manual. Resolution was predetermined at 16 
crn7'. 
2.1.2 NUCLEAR MAGNETIC RESONANCE (NMR) 
SPECTROSCOPY 
Spectra were obtained using a Bruker ACF 250 spectrometer operating at 
250.13 NffIz for 1H and 62.86 MHz for 13 C NMR; the tubes used were normally 5 
mm in diameter, and chloroform-d was the usual solvent. When increased spectral 
resolution was required, a Bruker ACP 400 spectrometer operating at 400.13 Nffh 
for 1H and 100.62 MHz for 13 C NMR was employed. 
11ý A library of NMR spectra for all Us listed in table 2.2 ( 10% solutions in 
CDC13; rpference CDC13) was compiled at the beginning of this project. A typical 1H 
NMR spectrum of a commercial LP is illustrated in fig. 2.2. Assignments are as 
follows: 
Major Peaks 
Singlet at 4.71 ppm: CH2-CH2-0-CH2-0-CH2-CH2. 
Triplet at 3.80 ppm Q=6-38 Hz): CH2-0-CH2-CHrSS 
Triplet at 2.89 ppm (1=6.38 Hz): CH2-0-CH2-CH2-SS 
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Minor Peaks 
Singlet at 4.79 ppm: CH2-0-CH2-0-Cff2-0-CH2 
Triplet at 3.68 ppm Q=6-3 I Hz): O-CH2-0-CH2-CH2-SH 
Multiplet at 3.75-3.63 ppm: Impurities in polymer backbone. 
Triplet at 2.76 ppm (J=6.51 Hz): CH2-S-CH2-CH2-0-CH2-0-CH2 
Doublet triplet at 2.72 (J=6.32 Hz): HS-CH2-CH2-0 
2.68 (J=6.32 Hz): 
Triplet at 1.56 ppm (J=8.22 Hz): CH2-SH 
A typical 13 C TýMR spectrum of a commercial LP is illustrated in fig. 2.3. 
Assigmnents are as follows: 
Maior Peaks 
95.30 ppm: CH2-CH2-0-CH2-0-CH2-CH2, 
66.00 ppm: O-CH2-0-CH2-CH2-SS 
38.68 ppm: O-CH2-0-CH2-CH2-SS 
Nfinor Peaks 
91.83 ppm: CH2-0-CH2-0-CH2-0-CH2 
9. 
69S7 ppm: O-CH2-0-CH2-CH2-SH 
low 
32.10 ppm: CH2-S-CH2-CH2-0-CH2-0 
24.45 ppm: HS-CH2-CH2-0-CH2-0 
Our NMR assignments agree with those made by previous workers 1,2 
DEPT and 2-D TH- 13C correlation experiments were carried out using the 
Bruker ACP 400 spectrometer to identify the photodegradation products in heavily 
UV exposed pre-polymer samples. 
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2.1.3 SOLID STATE 1H NMR EXPEFJMENT 
A 1H NMR spectrum of a powdered LP film sample was obtained in the 
Physics Department on a Bruker MSL-360 instrument run at 8.45 T. 
2.1.4 GEL PERMEATION CHROMATOGRAPHY (GPQ 
The GPC equipment used in these experiments consisted of a dual piston 
HIPLC pump (ICI instruments LCI 110), a Rheodyne injection valve with a 20 91 
sample loop (Rheodyne 1725), and a differential refractive index detector (ICI 
instruments LC1240). Data were analysed using Polymer Laboratories Calibre GPC 
software. 
All polymer samples were analysed at a concentration of 50 mg H-1, with 
THF as the eluent with a flow rate of I ml/rnin7 1; toluene (; z 0.2 %wt) was used as an 
internal standard and flow marker for each sample. The columns used were either a 
Polymer taboratories (PL) Mixed-D (300 x 7.5 mm) or a Mixed-E depending on the 
mass range beýng examined, connected to a Polymer Laboratories 5 pm bead size 
--4-0 - guard column (50 x 7.5 nun). The PL 3 pm bead size Mixed-E column was calibrated 
between 200 and 30 000, while the PL 5 prn bead size Mixed-D column was 
calibrated between 200 and 400 000, using narrow PNEWA standards (PL). 
2.1.5 ELECTROSPRAY MASS SPECTROMETRY 
The ESIXID experiments were carried out in a Fisons' 'Quattro II' triple 
quadrupole mass spectrometer (VG Biotech, Altrincham, UK) equipped with an 
atmospheric pressure ionisation (API) source operated in the nebulizer-assisted 
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electrospray mode. The potential on the electrospray needle was set at 4 kV and the 
extraction (cone voltage (cv)) was set at ca. 55 V for the THF/MeOH mobile phase 
and ca. 100 V for the acetone/KI phase except during experiments conducted to 
ascertain the affect of changing the cv on the ESI spectrum. Us at a concentration 
of 0.5 [ig/[tl were dissolved in a solvent compatible with the mobile phase. For most 
experiments this was a 1: 1 (v/v) mixture of tetrahydrofaran (TBF) and methanol 
(MeOH) in the presence of 0.5% aqueous ammonium chloride. A number of 
experiments were conducted using acetone as the mobile phase containing potassium 
iodide (0.5 mg/ml) and yet others with a 1: 1 TBF/N4eOH containing 0.5% 
trifluoracetic acid (TFA), and also THF/DNV with KI and NH4", the latter with little 
success. 
Mass spectra were scanned over the range m1z 3500 - m1z 350 during a 10 s 
scan and by operating the data system in the multichannel acquisiton (MCA) mode, 
several scans were summed to produce the final spectrum. Calibration was carried 
out using a solution of sodium iodide. In CID experiments, polysulfide ions of 
selected m1z passed at a translational energy of 20 eV from the first quadrupole mass 
analyser into the rf - only hexapole collision cell containing argon at an indicated 
pressure of 3.8 x 10-3 mbar. Fragment ion spectra were obtained by scanning the 
final quadrupole mass analyser over the m1z range from the mass of the precursor ion 
down to m1z 50 in 10 s using the MCA mode. 
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2.1.6 MATRIX-ASSISTED LASER DESORPTION IONISATION 
(MALDI) 
All experiments were carried out on a Kratos Kompact III MALDI-TOF mass 
spectrometer. The instrument is fitted with a nitrogen laser of wavelength 337 nra 
with a3 ns pulse duration, and an electron multiplier detector. The spectrometer was 
operated in the positive ion linear mode with an accelerating potential of 20 M 
All polymer sample concentrations were approximately 3 mg/ml in THE 
Various volumes of silver trifluoroacetate (10-200 gl) was used to dope the analyte 
.r" 
solution (0.5 n-d). Equal quantities of this solution and the matrix solution (0.1 M 
9-nitroanthracene in THF) were mixed and the resulting solution left to stand for up 
to 4 hours. I gl of this mixture was deposited onto the stainless steel sample slide and 
the solvent was evaporated off. 
Every sample was analysed at various laser powers and spectra were averaged 
over 200 laser shots, Analysis of the data acquired was carried out using software 
instafled on the Kompact III. 
9. 
ýod 
2.1.7 FIELD DESORPTION (FD) 
All experiments were carried out by Dr. A. T. Jackson of ICI (Wilton) on a 
ZAIB-T four sector mass spectrometer, (Micromass, Manchester UK. ) 
2.1.8 FAST ATOM BOMBARDMENT (FAB) 
All experiments were carried out on a Kratos Analytical MS80 mass 
spectrometer employing FAB. 3-nitrobenzyl alcohol was used as a matrix. 
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2.1.9 GAS CHROMATOGRAPHY (GC) MASS SPECTROMETRY 
All experiments were carried out on a Kratos Analytical MS80 mass 
spectrometer, equipped with a OV170 G. C. capillary column using a temperature 
range of 40-1000 C. 
2.1.10 X-RAY PHOTOELECTRON SPECTROMETER (XPS) 
I cm' samples were mounted onto a stand using a carbon adhesive and left in 
a vacuum for 24 hours. These samples were then examined in the Physics Department 
by XPS. All experiments were carried out using a VG ESCA LAB 5 instrument. 
2.1.11 STATIC SECONDARY ION MASS SPECTROMETRY 
All experiments were carried out using a EVA 2000 SIMS quadrupole 
instrument, built in the Physics Department at the University of Warwick. A beam of 
oxygen molecules of energy 4 kV was employed. 
2.1.12 RAMAN SPECTROSCOPY 
All experiments were carried out at the laser facility at Rutherford Appleton 
Laboratories under the supervision of Dr A. W. Parker. Raman spectra were obtained 
using the 363 nm line of an argon ion laser as the excitation wavelength. 
2.1.13 ENERGY DISPERSIVE X-RAY ANALYSIS (EDAX) 
All EDAX experiments were carried out by Ms. J. Buckle using a Princeton 
Gamma-Tech digital spectrometer equipped with a prism detector, at Shipley Ltd., 
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Coventry. All samples were coated with carbon prior to analysis, but the samples still 
experienced "break-up" under the electron beam. 
2.1.14 CHN ANALYSIS 
Samples were weighted using a Mettler ultra micro balance (7 decimal places) 
and sealed in tin capsules. Analysis was performed using a Leeman Laboratories 
CE440 elemental analyser. Repeat analysis was performed on every sample to ensure 
reproducibility. 
f '. 
2.1.15 TENSILE TESTING 
All samples were tested at Morton International Ltd., Coventry using a Nene 
M2 tensometer equipped with a 500 N load cell. 
2.1.16 OPTICAL -MICROSCOPE 
Photographs of the surface of cured-LP films were obtained at a magnification 
t. 
of 300 times using an Olympus BH-2 light microscope equipped with Nomarski 010 
differential interference contrast objectives. The microscope was fitted with an 
Olympus PM-1 OAK microphotographic system. 
2.1.17 PYROLYSIS OF SAMPLES IN THE OVEN 
Extensive pyrolysis of all polymer samples over long periods of time were 
carried out in a fan-assisted Gallenkamp Hotbox model oven. The oven temperature 
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was closely monitored with a Cu/Con thermocouple and a stability of ± 0.50 C was 
attainable. 
2.1.18 PHOTOLYSIS OF SAMPLES 
Extensive photolysis of polymer samples over long periods of time were 
carried out using various UV sources as set out below. 
2.1.18.1 350 W XENON LAMP 
Preliminary studies of LP photodegradation were carried out using a Eurosep 
Instruments model no. F0160000 350 W air-cooled xenon lamp. No filters were 
used, see table 2.3 in section 2.3.6 for the light output of the xenon lamp, The pre- 
polymer films were normally mounted onto a sodium chloride plate and photolysed 
directly in air at a distance of approximately 10 cm. 
2.1.18.2 UVB WEATBEROMETER 
Photodegradation studies of bulk pre-polymer samples and cured LP films 
were carried out using a QUV accelerated weathering tester at Morton International 
Ltd., Coventry. UVB-313 fluorescent lamps, purchased from the Q-Panel Company, 
Bolton, were installed in the "Weatherometer" for all experiments except for the 
experiment wherebyUVA radiation was monitored and then LJVA-340 fluorescent 
lamps were installed in the instrument. See table 2.4 in section 2.3.6 for the light 
OUtPUt Of UVB lamps. 
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2.1.18.3 SOL-2 LIGHT BOX. 
Photodegradation studies of cured-LP cast blocks and 'H' block samples were 
all carried out using a dr. Honle Sol-2 light box, at Morton International Ltd., 
Coventry. A sunlight simulation bulb purchased from the manufacturer was installed, 
and- no filters were used. 
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2.2 CHEMICALS 
2.2.1 POLYMERS 
Commercially-available LPs, sold under the name Thiokol" LPs, were 
obtained from Morton International Ltd; their general size characteristics are 
summarised in Table 2.2. LPs have the general structure: 
H(-S-C21l4-0-CH2-0-C2114mS-),, H 
TABLE 2.2: General properties of Us. 
LP code no 
.I. 
RMM 4n' 
value 
% branching 
agent/ moles % 
Average SH 
content/ moles 
kg" 
Average 
viscosity @ 
250 C /Pa s, 
1400C 1000 7 0 2.06 1.15 
33 1000 7 0.5 1.75 1.75 
3 1000 7 2.0 2.06 1.15 
980C 2600 16 0.5 0.91 12.5 
977C 2600 16 2.0 0.91 12.5 
541C "4000 24 0 0.53 46.5 
12C 4000 24 0.2 0.53 46.5 
32C 4000 24 0.5 0.53 46.5 
2C 4000 24 2.0 0.60 4. 
31 8000 42 0.5 0.38 62.5 
Id 
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Other LPs were also obtained from Morton and are as follows: 
(i) Model A. This was considered to be an exceptionally pure LP, i. e. free from 
material with variant mers, with an approximate relative molecular mass of ca 
2600. 
(ii) ZL-2264. This polysulfide has the general formula: 
H(SC2H4OC2114OC2Il4S),, H, 
i. e. the o? cymethylene unit in a normal LP is replaced by oxyethylene. 
ELP-3. This polysulfide has the general formula: 
r-I F-I 
OCH2CHCH2(SC21140CH2OC2H4S), CH2CHCH20 
i. e. the tern-dnal thiol groups are replaced by oxirane units, and it has a RMM ca. 
1000. 
2.2.2 SOLVENTS 
Chloroform-dl: 99.8 %, Fluorochem Ltd. 
TFIF, MeOH, DNT, CHC13, C6H5CH3: 99.8 %, HPLC grade, Fisons. 
2.2.3 SALTS AND MATRICES FOR MASS SPECTROMETRIC 
ANALYSIS 
NH4CI, KI: 99.9 %, Fisons, 
NaCl, KCI: 99 %, Aldrich. 
Trifluoroacetate acid (ammonium salt): 98%, Aldrich. 
Silver trifluoroacetate: 98%, Aldrich. 
3-nitrobenzyl alcohol: 99 %, Aldrich. 
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9-nitroanthracene: 97%, Aldrich. 
2,5-Dihydroxybenzoic acid: 99 %, Aldrich. 
Dithranol: 98 %, Aldrich. 
2.2.4 CURATIVE AGENTS 
ActivatedW02FA: 74-79 %, Hoechst UK Ltd. 
Sodium Perborate Monohydrate: 98 %, Laporte Organics. 
TBBP: 70 % aqueous solution, Laporte Organics. 
HDDA: 90 %, Aldrich. 
2.2.5 POTENTIAL STABELISING SYSTEMS 
Carbon Black (Elflex 415): Cabot Leinden Technical Centre. 
Tinuvin 113 0: Ciba Additives. 
Tinuvin 292: Ciba Additives. 
CUC12, KI : 99.9 % Fisons. 
ýO, 0 
2.2.6 OTBER CHEMICALS USED IN LP-CURED FORMULATIONS 
Adhesion Promotor, Siquest Al 87: OSi Ltd. 
Tetra-methylthiuram disulfide (TMTD)-Robinson Brothers, UK. 
Tributylamine: 99 %, Aldrich. 
Sodium hydroxide: 97 %, Aldrich. 
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2.2.7 OTHER CHEMICALS USED IN CONSTRUCTION SEALANTS 
FOR XPS SURFACE STUDIES. 
Plasticiser, Cereclor 63L: ICI Plc. 
Hydrocarbon resin, (used as an adhesion promoter) Necires EPX L5: Neville 
Cindu B. V. 
Thixatrope, Thixatrol ST: Redland Mnerals. 
Titanium Dioxide, used as a wlitner: Tioxide Ltd. 
CaC03 filler, Winnofit SPT: ICI Plc. 
CaC03filler, Polcarb S: English China Clay International Ltd. 
Sulfur flowers: Fisons 
NB: Where possible Us were cured/formulated using the chemical suppliers that 
Morton International Ltd., Coventry, recommend to their customers. 
2.2.8 CHEMICALS USED IN THE DETERMINATION OF SH' 
Pyridine: AnalaR grade, 99.5 %, Fisons. - 
Starch indicator solution: Aldrich 
Iodine solution: 0.1 N, see section 2.3.1 
Sodium ihiosulfate Solution: 0.1 N, AnalaR grade, BDH. 
2.2.9 COLUMN CHROMATOGRAPHY 
Silica Gel 60: Particle size 0.040-0,063 mm. (230400 mesh ASTM), Merck. 
Sand: Low in iron, 40-100 mesh, Fisons. 
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2.3 EXPERIMENTAL PROCEDURES 
2.3.1 TITRIUETRIC ESTIMATION OF THIOL 
The primary mercaptan content of each LP used was calculated using a 
titrimetric method which is a standard testing procedure of Morton Thiokol' 
Between 0.5 to 1.0 grams of LP ( weight depending on the approximate 
RMM of the LP) is weighed accurately into a Erlenmeyer flask and 50 ml of pyridine 
is added to dissolve the sample. The sample is then titrated against a standardised 0.1 
N aqueous iodine solution until the colour changes from clear to pale yellow. 
The mercaptan content is calculated as follows: 
(ml of 12)x (normalijy of 12) x 3.307 
weight of LP 
The 0.1 N ioding solution was prepared by dissolving 50 grams of potassium 
iodide in 100 ml of distilled water; 12.69 grams of iodine crystals were added. This 
solution *as then made up to a litre in a volumetric flask using distilled water. The 
solution was standardised by tiýrating against a 0.1 N solution of thiosulfate using 
starch as indicator until a light blue end-point is reached. 
Nonnality of 12' = 2,5 
MI 12 
2.3.2 PREPARATION OF CURED THIN FELMS OF LP 
Thin films were cured onto plastic sheets using an appropriate curing agent: 
i) Mn02: addition as stated in expefiment. 
ii) NaB03: I mote of perborate to every mote of thiol present in the LP, 3 
parts per hundred rubber (phr) of 0.5 M NaOH was added to accelerate cure. 
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iii) TBHP: Unless otherwise stated, I mole of TBIHP was added for every 
mole of thiol; I phr tributylarnine was added to accelerate the rate of cure. 
When fully cured, these films were removed from the plastic support and 
mounted onto cardboard, see fig 6.3. To ensure that films of the same thicknesses 
were used during experiments, films were selected with comparable IR absorptions at 
various reference peaks, e. g. 791 c6l . 
2.3.3 PREPARATION OF CURED CAST BLOCKS OF LP 
The LP and curative were mixed together and allowed to cure in a plastic dish 
50 mm diameter x 18 mm. (supplied by Sterilin). The MnO2-, NaB03- and TBHP- 
cured cast blocks were prepared in the same ratios as for the thin films in section 
2.3.2. 
For HDDA cured cast blocks, I mole of acrylate was added for every 2 moles of 
thiol, while I phr of tributylatnine was added to accelerate the cure. 
2.3.4 PREPARATION OF'H'BLOCK SAMPLES 
'H' block assemblies were constructed, each consisting of a 12 mm x 12 mm x 
50 mm bead of cured LP (sealant mixture) held between parallel plates of clear float 
window glass (50 mm x 50 mm x6 mrn), using spacer bars, see fig. 2.4. The 
assemblies were held together securely using tape to prevent movement during the 
seven day curing period. 
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Fig. 2.4: IHI block assembly used. 
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2.3.5 FORMULATION OF CONSTRUCTION SEALANT 
The construction sealants examined by XPS, see section 8.1, were prepared to 
a standard formulation for a two part polysulfide construction sealant. Details were 
supplied by Morton Internationals, 
Ingredient Parts by Weight 
Part A: 
LP-32C 100 
Cereclor 63L 60 
Necires EPX L5 5 
Thrixatrol ST 5 
Titanium dioxide RCR2 10 
Winnofil SPT 45 
Polcarb S 50 
Sulfur 0.1 
Part B: 
Manganese dioxide FA 10 
Cereclor 63L 12 
Tetra-methyl thiuram disulfide 0.5 
Weight mix ratio: Part A: Part B 
275.1: 22.5 
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2.3.6 ACTINONETRY 
The light outputs of the xenon lamp and UVB 'Weatherometer' have been 
determined using the method of Hatchard and Parker, which is based on the 
photodecomposition of potassium ferrioxalate to yield Fe2+ ions which are estimated 
colorimetricaUy using 1,1 O-phenanthroline. 
TABLE 2.3 Actinometry results for 350 W xenon lamp. 
tA Vol Abs CFc]j C* nFlj NI t N 
cri? 10-6M 104M 10-6M /1.25 /A" 
/10-16 
29.8 2.80 0.2805 12.52 12.4 3.47 5.61 5.61 
30.1 2.80 0.2840 12.68 12.56 3.52 5.63 1 5.63 
TABLE 2.4 Actinometry results for UVj3 'Weatherometer' 
. 0.0 
tA Vol 
crný 
Abs CHI 
10-6m 
C* 
104M 
nFjj 
10-6M 
NI t 
/1.25 
N 
/Aýý" 
300 2.80 1.175 5.25 5.20 1.456 2.34 2.34 
300 --2.80 1.188 5.30 5.25 1.470 2.36 2.36 
300 2.80 1.168 5.21 5.16 1.445 2.32 2.32 
300 2.80 1.306 5.83 5.78 1.618 2.60 2.60 
300 2.80 1.300 5.80 5.75 1.610 2.58 2.58 
300 2.80 1.310 5.85 5.80 1.624 2.61 2.61 
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CHAPTER 3 
CHARACTERISATION OF LINEAR POLYSULFIDES BY 
ELECTROSPRAY IONISATION MASS SPECTROMETRY 
3.1 GENERAL FEATURES 
All LPs listed in table 2.2 formed singly charged positive ions of the type 
[M+NH4]' when the THF/Nle0l-Vaq. NI14CI mobile phase was used. A typical ESI 
MS spectrum of LP-1400C 'is shown in fig. 3.1. The complex spectra given by all 
.r. 
Us can be rationalised by postulating the coexistence of several series of oligomers 
within a single type of LP; each member of each series differs in mass from its 
neighbours in the same series by 166 Daltons (Da), which corresponds to the most 
common repeat unit (SC2H40CH2OC2H4S). These various different series are 
labelled by letter (AB, C ... ) in Fig. 3.1 and the assigmnents of individual peaks within 
each series for LP-1.400C are summarised in Table 3.1. 
TABLE 3.1 Assignments of principal peaks in the ESI spectrum of LP-1400C 
C'extra7' groups are denoted in bold font) 
om - Series A H(SC2H40'CH2OC2H4S)nH. NTlý+ 
n M/Z 
9 1514.6 
8 1348.6 
7 1182.6 
6 1016.5 
5 850.5 
4 684.4 
3 518.4 
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Series B H(SC21140CH2OC2H4S)n(C21140CH2OC2144S)H. NI14+ 
(i. e. one -S-S- link replaced randomly by -S-) 
n nvz 
8 1482.6 
7 1316.6 
6 1150.7 
5 984.5 
4 818.7 
3 652.6 
2 486.4 
Series C H(SC21-140CH2OC21-I4S)n(SC2H4OC2H40CH2OC2H4S)H. NH4+ 
(i. e. one mer unit contains an extra oxyethylene link) 
n nvz 
7 1392.5 
6 1226.6 
5 1060.5 
4 894.5 
3 728.4 
2 562.4 
Series D H(SC2li4OCH2OC21-4S)n(SC2H40CH20CI12OC2H4S)H. Nli4+ 
(i. e. one mer unit contains extra oxymethylene link) 
n MIZ 
6 1212 
5 1046 
4 880 
3 714 
2 548 
Series E II(SC21-I40CI12OC2H4S)n(SC2H4OC2H40CH2OC214S)2H. NH4+ 
(i. e. two mer units contain an extra oxyethylene unit). 
n "vz 
6 1436 
5 1270 
4 1104 
3 938.5 
2 772.4 
1 606.5 
0 440.5 
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Series F 
H(SC2E4OCH2OC2114S)ti(SC2li4OC21140CH2OC2H4S)(SC21140CH20CH2OC2114S)H. NI14+ 
(i. e. one mer unit contains an extra oxyethylene unit and one contains an extra 
oxymethylene unit. 
n nilz 
5 1256 
4 1090 
3 924 
2 758 
1 592 
0 426 
Series G H(SC21140CH2OC21-14S)n(SC2114OC2H40CH2OC2114S)(C21140CH2OC2114S)H. Nlf4* 
(i. e. one mer unit contains an extra oxyethylene unit wl-dle another has an -S- link 
replacing -S-S-). 
n nvz 
5 1194 
4 1028 
3 862 
2 696 
1 530 
Series 11 
H(SC21LOCH2OC2H4S)n(SC2114OC21140CH2OC21-14S)2(SC2H40CH20CI12OC2114S)H. NH4+ 
(i. e. two mer units contain an extra oxycthylene unit while one contains an extra 
oxymethylene unit). 
n fez 
5 1467 
4 1301 
3 1135 
2 968.6 
1 802.6 
0 636.5 
Arw 
Series I 
H(SC21140CH2OC2li4S)m(C2li4OC2H40CH2OC2114S)(SC2H4OC2II40CH2OC21,14S)H. Nli4+ 
i. e one mer unit contains an extra oxyethylene unit while one contains an extra 
oxyethylene unit and either it or another mcr unit has an -S- link instead of an 
-S-S- link. TI-ds series, while clearly apparent, is of only weak intensity.. 
n twz 
7 1570 
6 1405 
5 1238 
4 1072 
3 906 
2 740 
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Series J H(SC2H40CH2OC214S)n(SC21-140CH20CH2OC21-14S)2H. Nliý+ 
O. e. Two mer units contain an extra oxymethylene unit. This series, while clearly 
apparent with some Us (see Table 3.2), is not apparent in LP-1400Q. 
Series K 
H(SC2li4OCH2()C2li4S)n(SC2l-I4OC2Il4OC2H4OC2H4S)(SC2H4OC2H40CH2OC2li4S)H. W 
(Le. Three extra oxyethylenc groups are present, possibly in three separate mers or 
with two extra in a single mer and one in another mer. This series, while clearly 
apparent with some LPs (see Table 3.2), is not apparent in LP-1400Q. 
This type of spectrum was obtained with a variety of Us as indicated by figs. 3.2 and 
3.3, from which the situation can be summarised with series having the general 
formula. 
H(SC21LOCH2OC2Ii4S), 
-j (variant mer) RNIV 
or H(SC2H40CH20C2H4S), -2 (variant mer) (varianf mer) H. NIW 
or H(S2H40CH20C2H4S), -3(variant mer)2(variant'mer) RNIV 
Thus it can be seen that all LPs contain series of the following composition, ('extra' 
groups are denoted in bold font): ' 
Series A: Expected structure of LP and therefore shows no variant mcr. 
Series B: variant = (C21140CH2OC2H4S) 
Series C: variant = (SC2%OC2E6OCH2OC2jj4S) 
Series D: variant = (SC2H40CH20CH2oc2j-j4s) 
Series E: variant = (SC2%OC2H40CH2OC2114S), vaiiant' = (SC2144OC2HO CH2OC2114S) 
Series F: variant -= (SCAOCM40CH20CAS), variant! = (SC2H40CH20CHOC2H4S) 
Series G variant 4,2 (SC2II40, C2H40CH2()C2H4S), variant! = (C2H40CH2OC2114S) 
Series H: Variant = (SC2%OC2H40CH2OC2H4S)2, variant! = (SC2KOCH20CH2OC2H4S) 
Series I: variant = (C2H4OC21140CH2OC2%S)(SC2H4OC2H40CH2OC2KS) 
Series J: variant = (SC2H40CH20CH2OC2H4S)2 
Series K: variant =(SC2114OC2lH40CH2OC2144S)(SC21LOC2H4OC2H40CH2OC2KS) 
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It should, however, be noted that 
(i) the location of the variant mer(s) within the linear sequence is random 
(ii) when there are several variants, these may be distributed between 
several mers or be located (at least partially) within a single mer. 
Accordingly the designations given above refer to only one of several possible 
distributions of variants. 
The degrees of prominence of particular series within the various LPs investigated are 
surnmarised in table 3.2. 
TABLE 3.2 Level of appearance of series A to K in individual Us. 
Series A B c D E F G H I i K 
LP-1400C s s s w m w w x x 
LP-3 s s s x s x m w m x s 
LP-33 s s s m s w w m w w w 
LP-977C s m s w w w w x w x w 
LP-980C s m s x m w w w w x w 
LP-32C S m s x m x w x x x m 
LP-12C s m s x m x w x w x w 
LP-541C s m m w w w x w w x w 
LP-3 IC m w m x w x x x x x w 
ELP-3 s w s w m w w w w x w 
Model A s m w x x x x x x x x 
s= strong, rn = moderate, w= weak, x= little sign 
The complex distributions observed in the ESI spectra of all ten Us listed in Table 
2.2 results both from the coexistence of polymers having a range of n values within a 
given series and the presence of several series of compounds that are based on 
canomalous' repeat units containing one less sulfur atom or additional oxymethylene 
and oxyethylene groups. This is not unexpected in view of the method of preparation 
of LPs'. From table 3.2 it can be seen that one series is very prominent in all the LPs, 
namely Series C with an extra oxyethylene link in one mer unit, while Series P 
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(lacking a single S atom) and Series E (with an extra oxyethylene link in two mer 
units) are the only other mers to show any prominence in several LPs. Series 
featuring three variants in the structure are either absent or barely detectable. 
An exceptionally pure LP, model compound A, with an approximate relative 
molecular mass, (RMM), of ca. 2600 was also studied. As expected, this compound 
shows a simpler ESI spectrum, fig. 3.4, featuring only one significant series in 
addition to the expected series A, namely series B, i. e. with a single -S- link replacing 
-s-s- 
A summary of spectral peaks observed in Model A is given in Table 3.3 
TABLE 3.3 ESI spectral peaks and associated assignments in the spectrum of 
Model Compound A. 
Series A H(SC21-LOCH2OC2H4S),, H. NI14+ 
n "vz 
10 1680.2 
9 1514: 0 
8 1348.0 
7 1192.1 
6 1016.2 
5 850.3 
4 684.3 
3 518.4 
2 352.5 
W. o - 
Series B H(SC2I-LOCH2OC2114S),, (C21440CH2OC2114S)H. NI14+ 
.I (i. e. One -S-S- link replaced randon-dy by -S- ). 
n "vz 
9 1648.1 
8 1482.3 
7 1316.3 
6 1150.4 
5 984.3 
4 818.4 
3 652.4 
2 486.5 
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3.2 EFFECT OF END GROUP 
ELP-3 which contains terminal epoxy groups (section 2.2.1), produces an 
ESI spectrum, Fig. 3.5, displaying the usual series A-K with 166 Da separation but 
with different masses because of the end groups (the replacement of the thiol 
hydrogen by epoxy at each end increases the RMM by 112 over the LP analogue). 
For brevity, only assignments of Series A are given in Table 3.4. 
TABLE 3.4 Assignments of principal peaks in Series A of the ESI spectrum of 
ELP-3 
r---l 
Series A 
FCH2C 
HCH2(SC21LOCH2OC21LS), CH2CHCH20. NH4+ 
n nvz 
9 1626.7 
8 1460.7 
7 1294.6 
6 1128.5 
5 962.5 
4 796.5 
3 630. '6 
2 464.6 
Thd CID behaviour of ELP 3 is discussed in section 3.7 
, AO 
3.3 EFFECT OF MER UNIT 
ZL-2264, an LP whereby the oxymethylene unit within the mer is replaced by 
oxyethylene was studied; this has the formula H(SC2114OC2114OC2114S), H. The 
behaviour of this sample closely resembled that of model compound A, while the 
RMM of the mer unit (SC21LOC2H4OC2H4S) iS 180 Da, giving a larger peak-to- 
peak separation in each series. Variant mers are once again visualised in the ESI 
spectrum, Fig. 3.6, although these now refer solely to the presence of one or two 
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Fig. 3.6: ESI spectra of ZL-2264 to compare effect of mobile phase on 
spectral quality: A) Mobile phase THF/McOH containing 0.5% 
aqueous MIXI. B) Acetone containing IKI. 
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monosulfide links at the expense of disulfide links. The assigments of individual 
peaks are given in Table 3.5. 
TABLE 3.5 ESI spectral peaks and associated assignments in the spectrum of 
ZL-2264. 
Series A H(SC2H4OC2H4OC2li4S), H. NfW 
n M/Z 
10 1820.1 
9 1640.2 
8 1460.2 
7 1280.3 
6 1100.2 
5 920.3 
4 740.2 
3 560.5 
2 380.4 
Series C H(SC21LOC2H40CH4S)n(SC2114OC2H4OC2114)H. NH4+ 
(i. e. One -S-S- link replaced randornly by -S- ) 
n nvz 
10 1968.0 
9 1788.7 
8 1608.4 
7 1428.2 
6 1248.3 
5 1068.3 
4 888.3 
3 708.4 
2 528.4 
Series Q H(SC2H4OC2li4OC2H4S),, (SC2li4OC2H4OC2H4)2H. NFW 
(i. e. Two -S-S- links have been replaced randomly by -S-). 
n M/Z 
9 1936.1 
8 1756.4 
7 1576.3 
6 1396.5 
5 1216.5 
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3.4 VARIATION OF THE COMPOSITION OF THE MOBILE PHASE. 
All previous LP spectra referred to in this chapter were obtained using a 
mobile phase consisting of a 50/50 TFIF/MeOH mixture containing 0.5% aqueous 
NH4Cl as an electrolyte to charge neutral LP molecules by forming 1: 1 ion-molecule 
adducts, [M. NI-4]+. Changing the mobile phase to an acetone solution of potassium 
iodide (0.5 mg/ml) resulted in two main effects, viz., 
(i) the level of baseline noise in the spectra was considerably reduced . 
see fig 3.6. 
;r" 
the K' ion adducts of the LP did not undergo dissociation with argon 
under CED conditions. The ready CID of N114 + ion adducts is 
associated with initial loss of NH3 leading to the H+ ion adducts which 
then fragment on collision with argon. 
3.5 EFFECT OF WM OF LP. 
The relative intensities of peaks in the ESI spectra are not in accord with the 
expected rplative abundances of'tfie various components based on GPC data and 
titration calculations for these Us. Even Us such as LP-2C and LP-12C, with a 
nominal RMM of approximately 4000, fail to give peaks at ntlz values above 2000. 
Fig. 3.7. demonstrates that LPs of norninal RMMs 1000,2600 and 4000 show very 
sirailar spectra with few peaks above m1z 1800. 
It appears ESI gives a heavy bias towards the detection of low mass oligomers 
at the expense of those of higher mass. This problem does not seem due to lower 
solubility of the higher mass oligomers because changing the solvent to THF/DNff 
offered no advantage. It can therefore be concluded that LP ions of higher mass have 
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Fig. 3.7: ESI-MS spectra of LP pre-polymers of varying molecular 
weights: a) RMM:: zi 1000 b) RMM; ýi 2600 and c) RMM -- 4000. 
Mobile phase THF/MeOII containing 0.5 % aqueous N114CL 
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a greater tendency to fragment before detection, 
(ii) (less probably) transfer their charge to lower mass material, or 
(iii) fail to be transmitted or detected. 
That higher mass species derived from synthetic polymers can be detected by ESI has 
been demonstrated in the study of polystyrenes2. 
The possibility that the ions carry more than one charge can be ruled out since 
the separation of m1z 166 Da would be reduced to 83 for doubly charged ions or 
around 55 for triply charged, and ions with these separations are not observed. 
3.6 VARIATION IN THE CONE VOLTAGE. 
The CID of precursor ions produced in the ESI source was investigated 
I 
without precursor ion mass analysis by studying the effect of increasing the cone 
voltage, all other conditions remaining constant. At low cone voltages (e. g. 20 V), 
little CID is expected to occur so that the spectrum shown in Fig. 3.8a is largely of 
precursor ions formed in the source. As the cone voltage is increased, more CID 
occurs leading.. to a reduction, in the abundance of higher mass ions and a 
ý#'O - corresponding increase in the abundance of, lower mass fragment ions. This is 
illustrated in Fig. 3.8b and 3.8c in which the ions of m1z 137,167,211 and 243 
emerge as the dominant ions at high cone voltages. These ions are assigned the 
structures (C2F14SSC2MO)fr, (SC2H4OCH2OC2l-I4S)lr, (SC21140CH2OC21-14SC21-14O)W 
and(SC2114OCH2OC2H4SSC2H4O)W respectively. 
Under the relative nffld CID conditions employed, ions of the monomer and 
terminal species are relatively stable and account for the major species giving rise to 
the spectra. 
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Generally similar behaviour was exhibited when the cv was increased from 20 
to 180 with a solution of ELP-3 in TBF/N4eOH/N]14CI: all the high-mass peaks up 
to 1128.1 disappeared on going from cv 20 to 60, and the intense m1z peaks at 281.3 
and 298.3 found at cv 20 gave way at cv 60 to new peaks at 149.3,223.3 and 243.2. 
At cv 90 the 223.3 peak was about 4 times as abundant as any other ion: this is 
-I 
attributed to the terminal species 
ýCH2CHCH2SC21140CH20C2144S+. 
The species 
with m1z 281.3 and 298.3 detected at low cv are assigned to 
F--i r----I 
OCH2CHCH2SC2H40CH2OC2114SCH2CHCH201f'and 
OCH2CHCH2SC21140CH2OC2H4SCH2CHCH20. NfW respectively, while the peak at 
r--l 
149.3 is attfibuted to OCH2CHCH2SC2H40CH3. 
W. 
3.7 CID AND PRECURSOR-ION EXPERIMENTS 
The ESI spectra of Us give rise to a number of well-defined series differing in m1z 
value within a given series by 166 Da, see figs. 3.1,3.2 and 3.3. Identification of the 
origin of each individual series, and the nature of the parallel series, can be partially 
. 0. 
Oo effected by the inspection of the mass differences between the members of parallel 
series. To confirm the assignments recorded in Table 3.1, especially where a degree of 
uncertainty may be attached to series containing "anomalowe' repeat units, the CID 
spectra of selected ions of each series ( A-H ) for LP-1400C were recorded. These 
are exemplified in fig. 3.9. All fragment ions are formed with the initial loss of 
ammonia from the precursor ion; when CID experiments were attempted using the 
acetone/KI system no fragmentation was observed. The simplicity of the upper 
spectrum ( fig. 3.9a ) for series A reflects the dominance of a particular mode of 
fragmentation and the symmetry of the precursor ion. The two major fragment ions 
89 
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observed (mlz 167 and 243 ) correspond to simple cleavage while the ion at m1z 137 
was shown by a precursor ion experiment ( discussed in detail below ) to be generated 
from the ion at m1z 167 via the loss of a CH20 group. 
Considering the ESI spectrum of LP-1400C (mobile phase THF/MeOlVO. 5`/* 
aqueous NH40), the fragment ions result from the fragmentations: 
HSC21140CH2OC2H4S 
167.1 
C21-140CH2OC21-14SH 
167.1 18 
The simplicity of this CID spectrum accords with the high symmetry of the precursor 
ion. By contrast, the mass 652.4 ion from Series B produces a more complex CID 
spectrum attributable to the fragmentations: 
HSC21-LOCH2OC2H4 SC2H40 CH2 OC2H4SS C21140 CH2 OC2H4S SC2H40CH2OC2H4SH NW 
1351 
1243 1167 118 
211- 
2551 
301 
377 
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A) 
de 
B) 
Dde 
10 
1010 
C) 
D) 
Fig. 3.9: CED Spectra of ions selected from the spectrum of LP-1400C (Fig. 3.1) 
A) ion at nVz 684.2 peak in Series A. 
B) ion at nVz 652.4 peak in Series B. - 
C) ion at YWz 894.2 peak in Series C. 
D) ion at nVz 714.1 peak in Series D. 
CID (20 eV) with argon target gas, 3.8 X 10-3 mbar 
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E) 
F) 
G) 
]ED 
Fig-3.9: CID Spectra of ions selected from the spectrum of LP-1400C (Fig. 
3.1) 
E) ion at nVz 772.4 peak in Series E. 
F) ion at HVz 758.3 peak in Series F. 
G) ion at nVz 696.5 peak in Series G. 
B) ion at nVz 802.4 peak in Series IL 
CED (20 eV ) with argon target gas, 3.8 x 10-3 mbar 
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The somewhat more complex spectra obtained for the other series are a 
consequence of the lower symmetry of the precursor ions. A summary of the ions 
observed during CID of ions from all the Series C-H is given in Table 3.6. The 
variation in the parent ion intensity (fig. 3.9) is most probably an artefact due to an 
adventitious fluctuation in pressure. The CID spectra show the following: 
(i) the cleavage sites are relatively few and are repeated between different 
series, with -S-S- and -C-0- fission being particularly prominent, 
although -C-S- cleavage is also found 
(ii) the Series F, G and I-L which feature more than one type of structural 
variant, give rather complex CID spectra indicating the presence of 
isomers which differ in the location of the variant (one or more CH20 
or C21140 groups, and one fewer S atom) in the polymer chain. While 
the CID spectral assignments made in Table 3.6 account for virtually 
all the ions detected, the data cannot allow positional discrimination 
vvithin a single mer unit, e. g. a HSC2H40CH2OC2H4OC2Ii4S unit will 
contribute to the mass of a fragment ion in the same way as a 
HSC2H4OC2H4OCH2OC2H4S unit. The occurrence of several variant 
mers within an LP sample is rare: fig. 3.1 shows that the major species 
present correspond to the ideal LP (Series A) or with a single variant 
within the chain (Series B-D). 
(iii) Fragment ions do not show the presence of an extra proton originating 
from the NIW group, but rather terminate in a -SH group. 
ý-UdPLCI 3. MesulLS anU LAbl-ubbivu 
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Precursor ion experiments were carried out on selected fragment ions obtained 
by CID of LP-1400C. Thus fig. 3.10 reveals that the ion with m1z 137.2 originates 
from the 167.2 fragment, which has been detected in the various series A-H Mowing 
CID. The production of the m1z 137.2 ion from HSC2H4OCH2OC2H4 S'I' (MIZ 167.1) 
signifies the loss of 30 Da which can be due only to elimination of formaldehyde. This 
elimination parallels that of C2H40 units from protonated macrocyclic polyether 
lactones under electron impact conditions3. 
CID experiments carried out on ELP-3 (fig. 3.1 1) indicated fragmentation to 
involve few pathways: ftagmentation involves complete retention of the terminal 
epoxy group in all species detected. A scheme for the fragmentation of the ELP-3 
precursor ion at nilz 764.4 ( Series B) is shown in Table 3.7. 
TABLE 3.7 Scheme for the fragmentation of ELP-3 on CID 
Ion nilz Assignrnent 
764.4 (prccursor) 
357.3 OCH2'tHCH2SC21LOCH2OC2114SSC21140CH2OC21W 
281.2 O-CH;: 
ýHCH2SC2H40CH2OC2H4SC2H40CH2' 
r----i 
223.1 (base peak) O-CH2-CHCH2SC2H, 40CH2OC2H, 4S+ 
1 
147.0 O-CH2-CHCH2SC2H4OCH2' 
r-----i 
117.1 O-CH2-CHCH2SC21W 
99 
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3.8 ESI SPECTRA OF REACTION SYSTEMS 
To investigate the possibilities of monitoring the extent of reaction when LPs undergo 
curing, we reacted Model Compound A with hexane-1,6-diol diacrylate (HDDA) 
and ran an ESI spectrum on the product without separation, see fig. 3.12. A new 
series of peaks (Series Q appears in the spectrum attributable to the monoadduct of 
HDDA (RMM = 226) vAth the LP, i. e. RSCH2CH2CO2C6HI202CCH=CH2- 
3.9 FAST ATOM. BOMBARDMENT EXPERRVIENTS 
FAB experiments were carried out on LP 1400C by way of comparison (fig. 3.13): 
such species as m1z 243,167 and 137, which were ubiquitous in the CID/ESI spectra 
of various LPs, are prominent while the small fragment ions m1z 91 and 61 are 
assigned respectively to HSC21140CH2' and HSC21W. 
3.10 DiSCUSSION AND CONCLUSIONS 
ESI has proved to be a most useful addition to the armoury of mass spectroscopic 
ý4'0 - 
techniques applicable to the characterisation of oligorneric matetials, in this case, 
linear polyWfides. The individual spectra are well-resolved, enabling conclusions to 
be reached about the distribution of mers within a given formulation, about the 
presence of variant mers (usually associated with additional oxymethylene or 
oxyethylene units or a monosuffide linkage, or some combination of these), about the 
identity of end-groups and about the nature and extent of simple reactions of Us 
with acrylate esters. 
ESI spectra offer a very direct insight into the presence of variant mers and of 
the end groups. Some of these features can be detected in LP oligomers by 1H and 
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"C NMR spectroscopy, but even then, the location of an anomalous group within the 
chain cannot be defined as precisely as it can be from CID spectra. Infra-red spectra 
of Us offer only general information about the functional groups present and cannot 
be used to observe the presence of additional groups such as CH20 or 
C2114O- 
It is clear from the various ES1 spectra portrayed, particularly those in fig. 3.7 
that while the technique provides very accurate mass information at RMM<2000, it 
gives a heavy bias towards the detection of low mass oligomers at the expense of 
those of higher mass, thus even when, as in LP-32C, the average RMM is ca. 4000, 
no peaks appear at m1z > 2500 and the ion abundances at m1z > 1800 do not reflect 
the abundances of oligomers present. This situation does not appear to arise from 
lower solubility of the high mass oligomers since changing the mobile phase offered 
no advantage; this could suggest that ESI discriminates against ions of higher m1z 
values and perhaps coupling a GPC column to the instrument would allow the higher 
oligomers to be detected as advocated by Simonsick and Prokai4.5 . An alternative 
explanation is that although ESI is a very soft ionisation technique, there is still some 
fragmentation before detection in 'LPs, most likely at the weak disulfide linkage. 
00 
The most informative ESI spectra of LPs are those obtained at a cone voltage 
of 100 cv, using a mobile phase of acetone containing 0.5% KI, although this system 
does not lend itself to CID or precursor ion experiments, when THF/MeOl-VO. 5`/* 
aqueous N114CI is superior. 
The CID spectra of ions derived from Us reveal relatively simple 
fragmentation pathways, depending on the complexity of the LP structure. 
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CHAPTER 4 
IONS DERIVED FROM LINEAR POLYSULFIDE OLIGOMERS 
USING MALDI AND FIELD DESORPTION IONISATION MASS 
SPECTROMETRY. 
4.1 INTRODUCTION 
No experiments of this type have been published in the open literature, but 
Ludicky' of Morton Thiokol reported Fourier Transform (FT) mass spectra of laser 
desorbed commercial LPs in an internal report. The expected relative molecular mass 
distributions (RMAID) for LPs were not observed, with no series of peaks being 
observed above around 2000 Da, even for LPs of know molecular mass of above 
4000. Ludicky also reports' that his group has been unsuccessful in obtaining MALDI 
spectra of Us. 
MALDI spectra have largely been devoted to fairly standard synthetic 
polymers 
,. 
such as -poly(methyl methacrylate) 
2-5 
, poly(ethylene gIYCOI)2.3 and 
polystyrene 
2,3 
, and much the same can be said of field desorption 
(FD)6-9 
Here w'e'describe a series of essentially prelitninary results on both MALDI 
and FD studies of several selected polysulfide oligorners. 
4.2 MALDI STUDEES OF LPs 
Initial studies using the generally favoured 2,5-dihydroxybenzoic acid (DHB) 
as the matrix, either alone or with sodium or potassium chloride as co-cation, gave no 
ions. Dianthrol as matrix, in combination with silver trifluoroacetate, also gave no 
ions from LPs. 
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However, the use of 9-nitroanthracene in combination with silver 
trifluoroacetate gave the MALDI spectrum shown in fig. 4.1 when LP-2C was used 
as the analyte. The principal features of this spectrum are: 
i) the presence of a series of major peaks (denoted Series A) separated by 166 
amu, i. e. the mass of the repeat unit. 
ii) a set of n-dnor peaks, denoted Series B, each member of which is located 32 
amu below the corresponding peak in Series A. This we attribute to the 
presence of one unit in the entire polymer chain with one less sulfur atom, 
.I' 
iii) a set of minor peaks, denoted Series C, of which each member is located 
44 amu above the corresponding peak in Series A. This we attribute to the 
presence of one unit in the entire polymer chain with one extra oxyethylene 
link. 
iv) the RMMs of Series A do not, in contrast to the series A in the ESI 
spectrum of the same polymer, correspond to the RMM of the LP itself, which 
-11ý -I 
would be (166n + 2) + RMM of the cation. 
v) the resolution of the MALDI spectra of LPs, compared to those obtained 
by ESI, see figs. 3.1,3.2 and 3.3, is poor in so far as virtually no peaks from 
othef series (D, E, F, etc. ) are visible. 
The. assignment of the peaks in fig. 4.1 is less obvious compared to those 
found in the ESI spectra of LPs. The peak at m1z = 607 can be viewed as an 
'argentated LP', i. e. 
Ag(SC2H40CH20C2H4S)3H 
which hai an RMM of (3 x 166) +I+ 108 = 607, and all the main peaks in the 
spectrum of LP-2C (fig. 4.1) can be attributed to: 
107 
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Series A 
At! SC21-140CH20C21-14S). H 
Series B 
Ag(SC2li4OCH2OC2144S), (C2li4OCH2OC2114S)H 
Series C 
Aa SC21140CH2OC2li4S). (SC2H4OC2H4OCH2OC2114S)H 
1. 
( 
The resolution of spectral lines was not very good and the expected isotopic 
splitting from 'O"Ag and "'Ag was not located (see, however, the result from 
ZL-2264, fig. 4.3). Consequently we cannot assert confidently that the above 
assignments are incontrovertible: the peaks could be due to a 109Ag compound of the 
LP with both terminal S-atoms bonded to Ag, or to a 117 Ag compound which is a 
simple adduct of Ag+ with the LP, with both hydrogen atoms intact. The result for 
ZL-2264 given below (see fig. 4.3) clarifies this situation. 
The RMMD of LP-2C is not in accord with that expected, the average RMM 1.1 
of this polymer is %tý 4000 but no peaks are observed in the spectrum above 2000 amu; 
this result is comparable to spectra obtained by ESI (see section 3.5). 
'00 
In view of the rather mediocre quality of the spectrum obtained for LP-2C 
.I 
using MALDI, we decided to examine LPs with fewer impurities and other LPs in 
their formUlation. 
An exceptionally pure form of LP, denoted Model A, which consists largelY Of 
just two Us, (see fig. 3.4 for ESI spectrum of this compound), gave a very clear 
MALDI spectrum shown in Fig. 4.2, where Series A and B provide virtually the only 
peaks in the spectrum. 
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The LP denoted ZL-2264, (see fig. 3.6 for ESI spectrum of this compound), 
which has the formal group in the repeat unit replaced by oxyethylene, also gave a 
very simple MALDI spectra illustrated in fig. 4.3, with peaks in the series separated by 
the RMM of the repeat unit (180 amu), which are the analogues of Series A and B in 
the normally structured LPs. Under high resolution, the individual peaks showed a 
doublet splitting of 2 amu, which supports strongly an assignment to the species 
Ag(SC2H40CH2OC21-LS)n. The only silver isotopes of significant abundance are 107 
(51.84%) and 109 (48.16%) which explains the existence of the doublet feature on 
. r.. 
the inset of fig. 4.3. The main peaks arising in this spectrum can therefore be assigned 
to a "Ag compound of LP with both terminal S-atoms bonded to the Ag i. e. 
109Ag(SC2H40CH20C2114S),, 
while the shoulder peak at 2 amu less can be attributed 
to 107Ag(SC21140CH2OC2H4S), 
- 
We also attempted to obtain MALDI spectra for ELP-3 (an epoxy-terminated 
LP, seqfig. 3.5 for 18SI spectrum) and heavily degraded samples of Model A and other 
LP pre-polymers but no ions were observed, making MALDI an inefficient technique 
. 2. 
for sttidying degradation reactions in LP-type polymers. It appears that a species 
obtained by a slight change in the LP structure will yield no ion peaks, which explains 
while series D, E, F etc. clearly visible in the ESI spectra of LPs are not visible in their 
MALDI spectra, and the -14 amu series clearly seen in the ESI spectrum of heavily 
UV-degraded Model A (fig. 5.16) is also undetected by MALDI. 
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4.3 THE APPEARANCE OF SILVER SULFIDE CLUSTERS IN 
MALDI EXPERINIENTS ON LINEAR POLYSULFIDES 
An unexpected observation was that, under certain experimental conditions, 
the MALDI spectra of Us changed completely from those shown in fig. 4-1 and 
fig. 4.2 to ones resembling that shown in fig. 4.4. This consisted of a set of peaks 
separated not by the usual 166 amu associated with the LP repeat unit, but rather a 
series separated by 248 amu. That this figure has no relation to the LP repeat unit was 
confirmed by an experiment with ZL-2264 where the peak separation was, once 
ir1. again, 248 amu, see fig. 4-4. This phenomen we attribute to the formation of clusters 
of A92Sspecies, formed chemically either during the sample preparation or during the 
laser irradiation of the matrix sample once prepared. 
Taking the most abundant peak in the spectrum, i. e. that at m1z 1596, we can 
ý0. 
see that this is not an integral number of A92S units. The peak at m1z 649 -is that 
present in the 'normal' MALDI spectra of ZL-2264 and is due to 
'09Ag(SC2H4OC2114OC2H4S)3; however the next higher member is conspicuous by its 
absence-It seems that the main'senes has a formula of the type [(Ag2S), (X)I+where 
X represents some other fragment derived from an LP or its silver adduct. While the 
peak at n; lz I 100 amu is clearly a member of this series, the next lowest member 
should be at m1z 852 amu, which is only of rather weak abundance, as is that of the 
next lowest member at m1z 604 amu. 
This latter peak could be due to the cluster Ag5S2+ or Ag+(Ag2S)2which has 
an RMM of 604, and the series in general is of the formula (Ag2S),, Ag+. This would 
generate peaks at the following masses: 
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M/Z m1z observed 
Ag(Ag2S)+ 356 
Ag(Ag2S)2+ 604 604 
Ag(Ag2S)3+ 852 852 
Ag(Ag2S)4+ 1100 1100 
Ag(Ag2S)5+ 1348 1349 
Ag(Ag2S)6+ 1596 1596 
Ag(Ag2S)7+ 1844 1843 
Ag(Ag2S)8+ 2092 2090 
Ag(Ag2S)9+ 2340 2339 
Ag(Ag2S)10+ 2588 2584 
Ag(Ag2S)11+ 2836 2831 
Evidently"the* very strong Ag-S bond is the determining factor in producing these 
clusters from silver salts on reacting with the sulfur atoms of an LP. In accordance 
with this view, we found that the development of spectra like those in Fig. 4.4 were 
promoted by: 
i) high levels of Ag salt in the matrix formulation, 
ii) high laser powers 
iii) when the analyte/silver samples were left for a relatively long time prior to 
laser irradiation. 
The main conclusion to be drawn from these experiments is that the 
experimental conditions must be carefully selected to preclude the occurrence of this 
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type of cluster chemistry when dealing with sulfur-containing compounds using a 
silver-containing matrix. 
4.4 FIELD DESORPTION EXPERIMENTS WITH LINEAR 
POLYSULFIDE OLIGONERS 
The spectrum obtained by field desorption (FD) of LP-1400C, shown in 
fig. 4.5, reveals the presence of the usual series as encountered in the EST experiments, 
(see fig. 3.1 for ESI spectrum of LP-1400Q. It is instructive to compare the peaks in 
fig. 4.5 with those in fig. 3. I. All the Series A-G detected in the ESI experiment are 
also manifest in the FD spectra, but no addition information could be discerned. As in 
the ESI and MALDI experiments, the RNSM of the LP is not in accord with that 
expected, the most intense peak in the FD spectrum is at 500 amu, which represents 
only two repeat units, whereas the expected 'average' number of repeat units for 
LP-1400C is 7. There is a conspicuous absence of peaks above m1z 1330.5, which 
points once again to the deficiency of these soft ionisation techniques in recording 
old- 
molecular masges of LPs, i. e. the heavier components of a mixture of oligomers are 
simply "lose'. 
4.5 DISCUSSION AND CONCLUSIONS 
We have been successful in obtaining spectra of Us using matrix assisted 
laser desorption ionisation time-of-flight mass spectrometry, (MALDI-TOF-MS); 
although these spectra are well resolved and exhibit a separation between peaks of 
166 Da, the molecular weight of the repeat unit, they are not as informative as spectra 
obtained by ESI-MS owing to their poorer spectral quality. 
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The method of sample preparation is critical in obtaining a reasonable MALDI 
spectrum; matrices such as DHB and dianthrol were unable to yield LP ions even 
when co-cations such as sodium, potassium or silver were added. The only matrix 
system that has been successful for LP samples to date is 9-nitroanthracene with silver 
trifluoroacetate and even then, the analyte/silver mixture has to be left to stand for at 
least 4 hours before a spectrum could be obtained; a reasonable explanation for this is 
the silver cation requires time to react with the thiol groups in the LP. We also had a 
complication in the formation of silver clusters [Ag(Ag2S),, ]+ especially under the 
r .. following experiment conditions: 
i) high levels of Ag salt in the matrix formulation, 
ii) high laser powers 
iii) when the analyte/silver samples were left for a relatively long time prior to 
laser irradiation. 
The correct molecular mass distribution for Us is not obtained, with low 
mass oligomers being detected at the expense of high mass oligomers. Possible 
explanations forthis are: 
i) there is a bias for the detector to favour the detection of low mass 
oligomers, especiallý in very polydisperse samples, as with commercial Us. 
ii) the samples undergo fragmentation during ionisation, most likely at the 
weak disulfide linkage, and 
iii) only low mass oligomers undergo ionisation into the gas phase. 
Fractionation of an LP sample using a GPC column prior to MALDI-TOF-MS 
analysis may lead to high mass oligorners being detected using this technique, and 
hence the calculation of accurate molecular mass information for this class of 
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polymers; this approach has been applied successfully by Montaudo et at. 10 for various 
polydisperse samples. 
We have also been able to obtain MALDI spectra for model A and ZI-2264, 
but we have been unsuccessful in obtaining spectra of the epoxy terminated ELP-3 or 
the necessarily more complex degraded LP samples using MALDI-TOF-MS, 
whereas ESI-MS gave very useful data on the degradation process. It appears that a 
slight change in the LP structure will yield no ion peaks, which explains while series 
D, E, F etc. clearly visible in the ESI spectra of Us are not apparent in their MALDI 
. r., 
spectra. 
Field desorption mass spectrometry (FD-MS) has also been successful in 
characterising LP samples, but this technique is less generally accessible and much 
more time-consuming than either ESI-MS or MALDI-TOF-MS, and a true 
representation of RMN1D for LP-type polymers is still not observed using FD. 
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CHAPTER 5 
PHOTO- AND THERMAL DEGRADATION OF LP PRE- 
POLYMERS 
5.1 PRELIMINARY PHOTODEGRADATION STUDIES OF LP 
PRE-POLYMERS BY IR SPECTROSCOPY 
Photolysis experiments for all ten pre-polymers listed in table 2.2 were performed 
using the unfiltered output from a 350 W air-cooled xenon lamp. The IR spectrum of a 
thin LP film on a single NaCl disc was obtained. The sample was then mounted 
horizontally onto the exit port of the xenon lamp, as illustrated schematically in Fig. 5.1, 
and irradiated for up to 20 hours. IR spectra were obtained after various periods of time, 
e. g. 4 h, 8h etc., to monitor any changes occurring. Under these conditions the radiation 
wavelengths used would induce both direct photolytic and photo-oxidative reactions. 
Fig 5.1: Layout of apparatus 
NaCl PLATE 
POLYMER FILM 
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This type of experiment was repeated using a thin film of LP-32C sandwiched 
between two NaCl plates, to test whether restricting the supply of oxygen to the polymer 
affects the rate of degradation. 
Typical spectral changes are illustrated in fig. 5.2, from which it is apparent that 
the major discernible change is the development of strong absorptions in the carbonyl 
region, (1726 and 1689 cm-1). A secondary feature is the growth of a broad, weak band 
in the O-H region. The location of the C=O group did not depend on the nature of the 
LP, (see Table 5.1). 
Fig. 5.2- Spectrum showing the development of C=O and O-H 
frequencies in LP-980C following 20 h UV irradiation with a xenon 
lamp. 
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TABLE 5.1: - Comparison of v(C=O) frequencies for pre-polymers as 
developed during photo-irradiation. 
LP code no P peak V/cny' 
(± 2 cnrl ) 
2nd peak V/cm-1 
(±2 cm-1 ) 
1400C 1725 1687 
33 1726 1688 
3 1725 1689 
980C 1726 1688 
977C 1727 1690 
541C 1726 1689 
12C 1726 1689 
32C 1726 Unlisted 
2C 1726 1692 
31 1726 1685 
S. 
The kinetic curves for the growth of the C=O frequencies are illustrated in fig. 5.3 
and 5.4. 
dw 
In general, the development is linear for both bands at 1726 cny' and 1689 cm-1, 
but in som6 instances there is evidence for a reduction in the rate of development at 
1,2 longer times, see fig. 5.4. This behaviour parallels that of polypropylene . 
Comparison of the slopes of the linear sections of these kinetic growth curves is 
made in Table 5.2. 
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Fig. 5.3 :- Profile showing the growth of carbonyl peaks during UV 
irradiation of LP-1400C 
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Fig. 5.4: Profile showing the growth of carbonyl peaks during UV 
irradiation of LP-980C 
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TABLE 5.2: - Comparison of initial slopes obtained for the development 
of carbonyl frequencies. 
, Oý . 
LP AAbs 1726 /A t J61AbS 1689 /A t Comments 
-code 
no 10-6S-1 10-6S-1 
1400C 1.23 0.89 1726: 7 points 
1689: 6 points 
Straight line graphs obtained from 6 to 20 h. 
33 4.38 2.68 1726: 4 points 
Slope calculated from II and 20 h. 
1689: 6 points 
Slope calculated from 6 to 20 h. 
Both graphs are initially linear but begin to 
plateau with time. 
3 1.43 1.59 1726: 1 point only " - glope calculated by plotting line through origin. 
1689: 6 points 
Straight line graph obtained from 9 to 20 h. 980C 1.83 1.30 1726: 7 points 
Slope calculated from 6 to 20 h. 
1689: 7 points 
Slope calculated from 8 to 20 h. 
Both graphs are initially linear but begin to 
plateau vAth time. 
977C 1.77 1.46 1726: 5 points 
Straight line graph obtained from 4.5 to 20 h. 
1689: 7 points 
Straight line graph obtained from 6.5 to 20 h. 54 1C 3.63 2.36 1726: 5 points 
Straight line graph obtained from 6 to 20 h. 
1689: 7 points 
Straight line graph obtained from 4 to 14 h. 12C 2.78 1.72 1726: 2 points 
Slope calculated from 16 to 20 h. 
1689: 7 points 
Slope calculated from 5 to 20 h. 32C 7.50 No points 1726: 9 points 
Straight line graph obtained from 4 to 16 h. 2C 4.51 1.85 1726: 5 points 
Slope calculated from 8 to 20 h. 
1689: 2 points 
Slope calculated from 5 to 20 h. 31 2.75 1.53 1726: 5 points 31ope calculated from 8 to 20 h. 
1689: 6 points 
Slope calculated from 8 to 20 h. 
Both graphs are initially linear but begin to 
plateau with time. 32C 0.84 No points 1726: 8 points (Limited 31ope caiculated from 24.5 to 54 h. 
- 
0-7) 
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Restriction of the supply of oxygen to the sample, by placing a second 
NaCl disc over the liquid film, showed the development of the carbonyl band to be 
considerably reduced, see fig. 5.5. The rate of growth of v(C=O) is evidently heavily 
dependent on the availability of oxygen. 
Fig. 5.5: Graph showing the effect of oxygen supply on the time 
dependence of the development of peak at 1726 cm-1 
$ readily available oxygen O's T 13 - restricted supply of oxygen 
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Attempts to observe the S=O group frequency in the photo-oxidised LPs were 
frustrated by the overlap of V(S=O), (1000 to 1055 crrr' in DMSO), with skeletal bands 
of the LP. 
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5.2 DEGRADATION STUDIES OF LP PRE-POLYMERS BY GPC 
All ten Us listed in Table 2.2 were irradiated in the UVB 'Weatherometer' for 
extensive periods, i. e. of up to 3000 hours, and investigated alongside the corresponding 
unirradiated polymer as a control. GPC measurements indicate that LJV photolysis of Us 
produces a broadening of RNMD, see fig. 5.6, with a particularly significant increase in 
Mw, i. e. there is a considerable development of longer-chain species. 
LP samples exposed to temperatures of up to MOT for extensive periods also 
exhibited a similar broadening of the RMND. 
Fig. 5.6 Plot to show UV-induced changes observed in RMMD for 
LP-32C 
KEY: 
A- Before exposure 
B- After 2835 h UV13 exposure 
dw 
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5.3 PHOTODEGRADATION STUDIES OF BULK SAMPLES OF LP 
PRE-POLYMERS UNDER UVB IRRADIATION BY IR 
SPECTROSCOPY. 
All ten Us listed in table 2.2 were irradiated in the UVB 'Weatherometer' in the 
foflowing ways: - 
i). a restricted supply of oxygen, where samples were irradiated in sealed quartz 
tubes. 
ii). in a plentiful supply of oxygen, where samples were irradiated in I cm NMR 
tubes containing a large 'head' of air and the stoppers were removed and 
replaced regularly. 
After prolonged UV exposure, (mý 5000 hours), IK 13 C NMR and IR spectra were 
recorded for each LP. 
Typical IR spectra are illustrated in figs. 5.7 and 5.8. 
Evidently these IR spectra show that the availability of air to the pre-polyrner 
results in the formation of C=O and O-H bonds, and hence rapid degradation occurs. 
The IR, 1H and 13C NMR spectra for pre-polymeric samples in a restricted supply 
of air remain barely altered after 5205.5 hours of exposure in the UVBVeatherometer. 
This implies that a supply of air is necessary to procure the carbonyl development 
pathway. Hence, photodegradation in LP pre-polymers must occur via an autoxidative 
mechanism. 
The 1H and 13 C NMR spectra for LP pre-polymer samples irradiated in freely 
available air have undergone major changes and are very complex, see figs. 5.9 and 5.10. 
One of the most prominent changes is the disappearance of the thiol group, (represented 
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by the triplet at ; ý-, 1.56 ppm in 'H spectra and ; zý 24.5 ppm in "C spectra), due to 
oxidation. Also, there is the presence of new peaks within the 'H and "C NMR spectra 
which relate to carbonyl formation within these samples. The positions of these carbonyl 
frequencies are summarised in table 5.3. Many other new peaks are present in the IH and 
"C NMR spectra; most of these are probably due to oxidative products, but remain 
unassigned. 
Fig. 5.7: Spectrum showing the development of O-H and C=O 
frequencies in LPLIC after 4820.5 hours UV irradiation in a plentiful 
supply of oxygen. 
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Fig. 5.8: Spectrum of LP-2C after 5205.5 hours UV irradiation in a 
limited supply of oxygen. 
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Table 5.3: Carbonyl frequencies in heavily degraded pre-polymer samples. 
00 
LP IR peaks 111 NMR 
13 C NMR 
(CM-1) (ppm) (ppm) 
LP-1400C 1723 8.02 160.49 
7.95 162.02 
LP-2C 1723 8.02 160.50 
7.95 162.07 
LP-12C 1723 8.02 160.38 
7.94 
LP-980C 1723 ----------- 160.39 
LP-3 1723 8.03 160.49 
LP-32C 1723 ----------- 160.41 
LP-31C 1723 8.03 160.43 
7.95 161.54 
LP-33 1723 8.02 160.42 
7.95 
LP-541C 1723 8.03 160.39 
7.94 
LP-977C 1723 8.03 160.45 
7.95 161.73 
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5.4 CHROMATOGRAPHY EXPERIMENTS CARRIED OUT ON 
HEAVIILY IRRADIATED LP-1400C PRE-POLYMER TO HELP 
IDENTIFY NEW NMR PEAKS. 
TLC was carried out on heavily UV-exposed LP-1400C, (up to 6314 hours), 
using different solvents. From these experiments it was deduced that column 
chromatography could be carried out initially using chloroform as solvent, and then 
gradually adding progressively increasing amounts of THF, until the sample was 
completely removed from the column. 
A column was prepared in a 10 cm' burette using approximately 6 cm' of silica 
gel, see fig. 5.11.0.5 g of LP-1400C dissolved in chloroform was then added and washed 
through using chloroform as solvent; fractions were collected. A TBF / chloroform 
n-dxture was then used as eluting solvent, followed in turn by pure THE The last few 
fractions were collected using methanol as solvent to ensure that all the sample had been 
removed from the column. 
The solvent from the various fractions was removed using a rotary evaporator 
and the residues were dissolved in CDC13. Each solution was then placed in a NMR tube 
and lH spectra were obtained. 
Chromatography was only partially successful in that although separation was 
achieved, the 1H NMR spectrum for each fraction was almost identical to that of the LP 
obtained before separation. Only the 'H NMR spectrum for fraction 3 was slightly 
simplified. This indicates that column chromatography' had merely separated different 
molecular weight fractions with the same basic structure. The 'H NMR spectrum of the 
original material showed poor resolution, but the early fractions of the separated sample 
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show a vast improvement in resolution, with the disappearance of the terminal thiol 
groups after prolonged UV exposure; this could be taken as indicating that some cyclic 
molecules are eliminated during the photo-degradation process. 
Fig. 5.11: Overview of column. 
10 cm3 burette 
Silica Gel 
Sand 
Flass wool 
Collection 
vessel 
5.5 BULK THERMAL DEGRADATION STUDIES OF LP 
PRE- POLYMERS BY IR SPECTROSCOPY. 
II 
The LP pre-polymer listed in table 2.2 were exposed to a temperature of I OOOC 
for up to 200 hours, with an unrestricted supply of oxygen available to the samples. After 
heating, the appearance, smell and viscosity of the samples had altered dramatically. The, 
IR spectra of these extensively heated samples showed the development of O-H and C=O 
frequencies, a typical example being shown in fig. 5.12. 
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Fig. 5.12: IR spectrum showing O-H and C=O frequencies in LP-980C 
after 200 hours at IOOOC 
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GPC traces obtained for thermally degraded pre-polymer samples showed 
a broadening in the RMMD, similar to that found for UV exposed samples, see section 
5.2. 
The thermally degraded pre-polymer samples also show similar changes in their 
1H and 13 C NMR spectra as those for pre-polymers treated to extensive periods of LJV 
irradiation, see section 5.3 and figs. 5.9 and 5.10. Again, the major changes are the 
disappearance of the thiol group and the presence of new peaks at approximately 8 ppm 
and 160 ppm in the 1H and 13C 1,11ýM spectra respectively, which relate to the formation 
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of carbonyls. It can therefore be assumed that both the thermal and photo-degradation 
processes of LP pre-polymer occur via a similar mechanism in the presence of oxygen. 
5.6 2-D NMR EXPERIMENT ON HEAVILY UV-EXPOSED 
PRE-POLYMER SAMPLE. 
A 2-D NMR spectrum on a heavily photodegraded sample of LP-977C, (after 
approximately 4820 hours UVB exposure under oxygen), was obtained, see fig. 5.13. This 
spectrum confirmed that the peak at approximately 8 ppm in the 1H NMR spectra of both 
the thermal and UV-exposed pre-polymers is related to the peak found at approximately 
160 ppm in the "C NMR spectra. 
These NMR carbonyl peaks and the band seen at 1723 cnf 1 in the IR spectra can 
therefore be assigned to the formation of a formate ester. Support for this assignment 
comes from degradation studies of poly(propylene oxide)" and poly(ethylene oxide)4 
43 
carried out by Lemaire et al. Griffiths et al. and Barton et al. 5 This is most likely 
produced via a free radical mechanism, which is common for many of similar structured 
linear polym6r's such as polyethý=6, poly(cthylene oxide)4 and poly(propylene oxidefs. 
ow. 
5.7 EXPERWENT TO ANALYSE VOLATILES PRODUCED WHEN A 
PRE-POLYMER SAMPLE UNDERGOES UV IRRADIATION. 
A small amount of LP-977C was placed into each of three quartz tubes. The 
tubes were sealed using an air-tight "Suba7' seal. One sample was then flushed with 
oxygen for 30 mins, see fig. 5.14, another was flushed with nitrogen, while the other 
remained under an air atmosphere. The rubber Suba seal was then protected by covering 
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with aluminiurn foil and these samples were placed in the UVB "Weatherometer" for 
approximately 5000 hours. The sample tubes clearly showed the release of a brown gas, 
which was extremely dense in the sample tube under oxygen, again indicating that oxygen 
has a crucial role in the photodegradation mechanism for these compounds. 
GC-MS was performed on the "head-space! ' gas above the polymer sample, but 
the spectra obtained were uninformative, indicating major peaks at masses 18,28,32,44 
which correspond to H20, N2 or CO, 02 and C02, i. e. those expected for an air 
atmosphere. K GPC, lH and 13 C NMR spectra were also obtained on the degraded 
polymer sample at the bottom of the tube. The sample under oxygen clearly showed the 
development of carbonyl bands in IR and NMR spectra, and the spectra obtained were 
very similar to figs. 5.7,5.9 and 5.10. However, the spectra of the sample under nitrogen 
remained barely altered from those originally obtained for LP-977C, again indicating that 
the formation of a formate ester must occur via an aerobic mechanism, i. e. a photo- 
oxidativq. route. 
S. 
Fig. 5.14: Overview of sample tube containing pre-polymer 
Connected to gas 
d 
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5.8 ELECTROSPRAY MASS SPECTROMETRY STUDIES OF 
THERMALLY- AND PHOTO- DEGRADED PRE-POLYMERS. 
Pre-polymer samples, heavily degraded either by UV or by heat treatment, were 
analysed using ESI-MS and a typical spectrum is illustrated in fig. 5.15. The resultant 
spectra obtained for degraded pre-polymer samples were extremely complex, wMch is to 
be expected considering the number of series present in the original materials, see section 
3.1. To simplify this intrinsically complex situation, degradation studies were carried out 
using ESI-MS of the purified pre-polymer, Model A, (ESI-MS spectrum see fig 3.4 
section 3.1). Any changes in the structure of Model A due to degradation should be 
visible in the ESI-MS spectrum in the form of new peaks arising at different masses, but 
each new series should still be separated by 166 Da, the mass of the mer unit. 
Three types of method were used to degrade the pre-polymer Model A, 
i) UV exposure, 
ii) heating at 80'C, 
iii) heating at 140OC; 
all were carried out in the presence of oxygen. A typical ESI-MS spectrum for the 
'UV-degraded pre-polymer is illustrated in fig. 5.16. The most notable feature in the 
spectra of heavily UV-exposed pre-polymer samples, (exposure time in the region of 
thousands of hours), is the presence of the original A and B series (see section 3.1, 
fig. 3.4), and the appearance of new series at masses corresponding to A and B series less 
14 amu, and 30 amu, and plus 76 amu. 
Analyses of these UV-exposed samples by GPC, IR and 'H and `C NMR were 
also perfonned. The IR spectra obtained showed the disappearance of the SH band at 
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2560 cm", the appearance of a broad band in the O-H region at approximately 3490 cm" 
and the development of a C=O peak at 1725 cm". GPC analysis showed a broadening in 
RMMD and a huge increase in polydispersity. 
1H NMR spectra showed the disappearance of the terminal SH groups and the 
appearance of a new peak at approximately 8 ppm. The 13 C NMR spectra again showed 
the disappearance of SH and also the appearance of two new peaks at approximately 41 
and 60 ppm, see fig. 5.17. 
Model A pre-polymer samples heated at 1400C for hundreds of hours gave rise to 
ESI-MS spectra sin-dlar to those obtained for the UV-exposed samples, see fig-5-16, 
indicating a similar degradation rolute. The original A and B series are still present, 
accompanied by the appearance of the new series: A, B -14 amu, and A, B +76 amu, 
and there is also evidence for the A, B -30 amu. series, although the latter peaks are of 
very low intensity. 
The IR spectra for the thermalised samples show the development of a broad 
band in the O-H region, a small C=O development and the disappearance of the SH band. 
O, o 
The GPC--traces again show a broadening in RMMD on exposure to heat with an 
increase in polydispersity. 'H and 13C 1, TfVM spectra show the disappearance of the 
terminal SH groups; there is no evidence for C=O in these NMR spectra but the IR 
spectra indicated only a small development at 17^25 cm", and there are two new peaks in 
the 13 C NMR spectra at 41 and 60 ppm, see fig. 5.17. 
Pre-polymer samples heated at 800C for up to 1175 hours showed very little 
difference from the original sample. The ESI-MS spectra were virtually identical to that 
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illustrated in fig. 3.4, except that there was a small, but clear development with a A, B 
+76 amu series. The IR spectra also showed no discernible changes, with no development 
of O-H or C=O bands, and the peak at 2560 cnf 1 assigned to SH was still present. The 
GPC traces show a broadening in RMMD on exposure under these conditions. IH and 
13 C NMR spectra also show no change from those obtained for Model A originally. Both 
show that the SH terminal groups are still present, that no new peaks can be observed at 
41 and 60 pprn in 13C NMR spectra, and that there is no evidence for C=O formation. It 
therefore appears that polysulfide pre-polymers are relatively stable at 800C, even for 
. r-ý 
over a thousand hours. 
The A, B -14 amu series seen in the spectra of LIV- and thermally- degraded pre- 
polymers at 1400C can be assigned to the formation of: 
110-C2H4-S(-S-C2114-0-CH2-0- C2H4-S')n-I S' C2H4'OH 
which is produced from the hydrolysis of the two formal links7 bythe following reaction. 
R-0-CH2-0-R + H20 p2 R-OH + CH2o (1) 
In more detail, the sequence of processes is as follows: 
H(-SSC2II4OCH20C2H4SSC21--I4OCH20C2II4SS-)H 
Pre-polymer 
H(-SSC21-LOCH2OC2H4SSC2li4OCH20H + HOC2114SS-)H 
Further hydrolysis at 
second formal link. 
-SSC21-140CH20C2I-I4SSC21-140H + HOCH20H + HOC2114SS- 
formaldehyde hydrate 
Further hydrolysis at 
a further formal link. 
HOC21-LS(SC2H40CH2OC2114-S)nSC21140H + etc. 
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Considering the RMM of this component of the degraded pre-polymer: 
RMM = (2 x 77) + n. 166 = 154 + 166n 
RMM LP (Series A) = (2 x 1) + (n + 1)166 =2+ 166n +166 
A(RMM) =2+ 166n + 166 - 154 - 166n = 14 amu 
Thus, each peak in the series based on HOC2H4S(SC2H40CH2OC2H4-S),, 
SC21140H will 
appear at 14 arnu below the corresponding peak in the Series A due to the pre-polymer, 
i. e. at A -14 amu, (or at B-14 amu if the polymer chain contains a random monosulfide 
linkage). 
To confirm this assignment, the K 1H and 13C NMR spectra all demonstrate the 
disappearance of the SH terminal groups, the IR spectra also show the development of 
O-H, while the new peaks at 41 and 60 ppm in the 
13 C NMR spectra also confirm the 
assignment, since these peaks were observed in the 
13C 
spectrum for bis-(2- 
hydroxyethyl)disulfide, i. e. (HOCH2CH2)2S28- 
The A, B +76 amu series can be explained by the reaction of the disulfide link in 
the A, B -14 amu series above with formaldehyde by either of the following reactions7. 
R-S-S-H + CH20 p2 R-SH + CO ........... 
(2) 
R-S-S-H + CH20 + H20 02 R-SH + HC02H ........... 
(3) 
which produces the following structure: 
HO-C2H4-S(-S-C2H4-0-CH2-0- C2H4-S-)nH 
Considering the RMM of this structure: 
RMM = 77 + 166n +I= 78 + 166n 
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RMM LP (Series A) = (2xl) + 166n =2+ 166n 
A(RMM) = 78 + 166n - 166n -2= 76 amu 
i. e. the peak corresponding to each value of n in the spectrum of this series will appear at 
76 amu higher than the corresponding peak in the spectrum of the LP Model A. 
A major problem concerning assignments of peaks in the ESI-MS of the degraded 
pre-polymer is the strong peaks located at masses identical to those found with Series A 
despite the fact that, according to the IR and NMR spectra, the material is devoid of thiol 
groups. Evidently a molecule of mass fitting to Series A must be formed which contains 
. i, ý 
no SH groups. One candidate is the species formed by the reaction of the SH groups of 
HOC2114S(SC21140CH2OC2114S), H: with formaldehyde: 
2 R-SH + CH20---O- R-S-CH2-S-R + H20 ........... 
(4) 
where R-S-CH2-S-R is, more fully, 
HO-C2H, 
rS(-S-C2H4-0-CH2-0-C2II4-S-)., CH2(-S-C2H4-0-CH2-O'C2H4-S, )mS-C2H4wOH 
This species has an RMM as follows: 
77 + 166n + 14 + 166m + 77 = 166(m +n +1) 
which will apP; ar at the same peak position in the mass spectrum as Model A pre- 
, 0.0 
polymer. The overall scheme of the above reactions is illustrated in fig. 5.18. 
The final series of mass spectral peaks needing consideration is that located at A- 
30 amu. Various candidates have been considered as responsible for this series. The 
simple loss of a CH20 unit from the chain of Model A seems attractive but does not 
agree with the very clear absence of an SH group in the NMR spectra. This implies the 
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R-O-CH2-0-R + H, 20 ---------- >2 
R-OH + CH, 10 (1) 
R-S-S-R + CH20 ---------- >2 R-SH + 
CO (2) 
R-S-S-R CH20 + H20 ---------- >2 R-SH + 
CH202 (3) 
2 R-SH CH20 ---------- > FI-S-CH. -S-R + 
H20 (4) 
SOOS 
2 CH20 (1) 
HO H 
11T 
+ CH20 (2 or 3) 
s00SH 
\--/ v \--/ 
(2 or 3) 
+ CýH>201 
+ CH20 H0H 
n 
HOýý 
H 
Fig. 5.18: Overall scheme of hydrolysis for LP pre-polymers. 
148 
Chapter 5: Results and Discussion 
product (denoted A-30) must either feature terminal hydroxy groups or be cyclic. 
Possibilities are as follows: 
II 
S(SC2H40CH2OC2114S)nSC2I-140CH20 
RMM = 166n + 13 8 
RMM LP (Series A) = (2 x 1) + (n + 1)166 =2+ 166n +166 
A(Flv" = 166n +2 +166 -166n - 138 = 30 amu 
. f., 
or 
HOC2H4S(SC2lf4OCH2OC21-14S), SC2Hs 
RMM = 77 + 61 +166n 
. RNM LP (Series A) = (2 x 1) + (n + 1)166 =2+ 166n +166 
A(RMM) = 166n +2 +166 -166n - 61 - 77 = 30 amu 
Thus, eac4. pqak in the series based on the above structures will appear at 30 amu below 
the corresponding peak in the Series A due to the pre-polymer, i. e. at A -30 amu. 
Tht cyclic structure given above contains an -0-S-S- junction wWch is unknown 
in any stable compound and is therefore very unlikely to be responsible for the A-30 series. 
The ethyl-terminated structure is certain to be stable, but the arguments against such an 
assigrunentare powerful, viz. 
i) there is no obvious mechanism to produce a terminal ethyl group, 
ii) the proton NMR spectrum of the photolysate shows no trace of an ethyl 
group. 
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Additional degradation experiments using the pre-polymer ZL-2264, were carried 
out to provide further evidence for the proposed scheme in fig. 5.18. Again three methods 
of degradation was utilised, UV exposure, heating at 800C and heating at 140T. 
ESI-MS, K GPC, 'H and 13 C NMR spectra were obtained for each sample following 
degradation. 
In heavily UV-exposed samples, no discernible changes could be seen. One 
sample of ZL-2264 exposed to LJVB in the 'Weatherometer' for 2640 hours, gave rise to 
an ESI-MS spectra identical to that of the starting material, see section 3.3 fig. 3.6. The 
GPC, IR and NMR are also unchanged from that obtained for the unexposed material. 
The same results were also obtained for heat exposed samples; ZL-2264 samples heated 
at 800C and 1400 C for 860 hours did not undergo any spectral changes. Therefore 
ZL-2264 appears to be far more stable than the normally structured LP pre-polymers. 
Only one sample of ZL-2264, heated at 1400C for 1130 hours, showed any signs of 
degradation, these being the appearance of a new series in the ESI-MS spectra of AB 
+60 amu, and the appearance of a broad weak band in the O-H region in the IR 
spectrum. 
These results, pointing to a greatly improved photo- and thermal stability of 
ZL-2264 compared to "normal" Us, offer confirmation of the scheme illustrated in 
fig-5.18 for LP pre-polymer degradation. This scheme depends critically on the presence 
of the formal linkage in the pre-polymer as the initial site of hydrolysis to produce free 
formaldehyde, which then further attacks the disulfide linkages. The variation in the 
repeat unit of ZL-2264 of replacing the CH20 linkage with C2H40, eliminates any 
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possibility of the formation of formaldehyde by this reaction, therefore making 
degradation by this route impossible. We view this as a key finding in the present search 
for means of extending the lifetimes of polymers based on Us. 
5.9 DISCUSSION AND CONCLUSIONS 
The key observations emerging from the results described in the preceding pages 
are as foHows: 
i) LJV photolyý! s or pyrolysis of LP pre-polymers in the presence of air or oxygen 
results in the development of carbonyl groups detectable by IR and NMR spectroscopy. 
These arise as a result of a conventional free radical mechanism of autoxidation. 
ii) 2-D NMR studies, and the highly characteristic field positions of the NMR 
resonances, show the carbonyl group to be due to a formate ester. 
iii) ESI-MS studies of degraded LP pre-polymers show that, in parallel with the 
degradation route involving oxygenation of a methylene group demonstrated by IR and 
NMR studies, there is a hydrolysis mechanism involving initial cleavage of the formal 
0,0. group to release 
fonnaldehyde, followed by secondary reactions to give other products 
detected in the ESI-MS spectrum of the photolysatelpyrolysate. 
iv) The extremely slow degradation by UV or heat of the pre-polymer ZL-2264 
which has no formal group. 
An overall, simplified scheme of degradation can thus be formulated: Fig. 5.19 
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Fig. 5.19 Overall scheme of degradation of thermally or UV-irradiated 
LP featuring duality of mechanism. 
-SC2H40CH20C21-14S- 
LP 
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OOH 
-SCH2CH20L; HL)U2H4S- 
hv 
00 
II 
-SCH2CH20CHOC2H4S- 
0 
-SCH2CH20CH +OC2H4S- 
formate ester 
I 
tc. 
-SC2H40H + HOCH20H + HOC2H4S- 
1 
2- hydroxyethyl - terminated LP 
I 
etc. 
AUTOMATION HYDROLYSIS 
PATHWAY PATHWAY 
-SC2H40CH20H + HOC2H4S- 
hv or A 
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The photo-oxidative pathway finds many parallels in polymer degradation studies, 
the closest being those of poly(ethylene oxide)4 and poly(propylene oxide)3-5, where 
attack at C-H adjacent to the ether oxygen atom leads to a hydroperoxide and hence an 
alkoxyl radical followed by scission to give a formate or, from poly(propylene oxide), an 
acetate as well, viz: 
HO[CH2CHCH30], CH2CHCH30[CH2CHCH30lyH 
HOICH2CHCH30]CHCHCH30[CH2CHCH301yH 
OOH 
HO[CH2CHCH30]CHCH H30[C. H2CHCH3O]yH 
1 
00 
1 
4w 
HO[CH2CHCH30]., CH +0 CHCH30[CH2CHCH30]yH 
I 
formate ester 
0 02 1, RH 
HOOCHCH30[CH2CHCH30]yH 
i 
OCHCH30[CH2CHCH30]yH 
-H 
Zo. I 
-CH3 0 
CH3COO[CH2CHCH30]yH HCOO[CH2CHCH30]yH 
acetate ester fonnate ester 
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The formate ester is most probably derived from two pathways, namely: 
i) via the tertiary carbon centres as proposed by Griffiths et al. ' and 
4 ii) via the secondary carbon atom as indicated by Lemaire et al . 
since the level of branching agent present in the pre-polymer appears to have little effect 
on the rate of degradation. 
Support for our assignment of the IR band at 1725 caf 1 to a formate ester comes 
4 from other similar assignments e. g. by Griffiths et al?, Barton', and Lemaire et al . 
The results from NMR studies of degraded pre-polymers and the 2-D NMR 
spectrum of the photolysate also closely mirror those of Griffiths et a13 , Barton et al-5 
Lemaire et al. 
The hydrolysis mechanism has been widely accepted as a principal route for 
degradation of LPs, both cured and as pre-polymers. The development of 13C NMR 
peaks due to SKýH2CH20H and SCH2CH20H. at 41 ppm and 60 ppm respectively finds 
support from model compound studies of bis-(2-hydroxyethyl)disulfides which yielded 
13 C resonances at 40 ppm and 59.4 ppm. 
The stability of ZL-2264 as compared to all other Us points to the critical role of 
the formal groups as the locus of initial degradation. 
As regards the relative role of the two pathways given in fig. 5.19, the relatively 
high intensity of peaks in the ESI-MS spectra of the degraded samples attributable to 
hydrolysed species, as opposed to oxidised species, indicates that, at least as regards pre- 
polymers, the hydrolysis pathway is dominant. Interestingly, we shall show in chapters 6 
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and 7 that in the photodegradation of LP polymers cured with Mn02 (but not t-BuOOH), 
the photo-oxidative route is much more significant. 
In summary, the results of this chapter indicate the duality of the mechanism 
advocated by Rosenthal and BerenbauM7, show that the hydrolysis mechanism is the 
more significant for pre-polymers, and demonstrate the need to deploy more than one 
analytical approach to the solution of the mechanism of polysulfide degradation, which is 
so mechanistically rich and diverse. 
Aw - 
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CHAPTER 6 
STUDY OF PHOTODEGRADATION OF CURED-LP FILMS 
USING INFRA-RED SPECTROSCOPY. 
6.1 PRELEN11NARY EXPERIMENTS USING 350 W XENON LAMP 
Initial results were obtained for LP-977C and LP-980C by curing a thin film 
on a single NaCl disc. Two levels of Mn02 were used namely ca. 10% and 5% by 
weight. The samples were irradiated in the same manner as the pre-polymers, (see 
section 5.1). IR spectra were obtained at intervals throughout the irradiation. A 
typical IR spectrum is illustrated in fig. 6.1. 
Fig. 6.1: Spectrum showing the development of C=O frequencies in 
LP-980C with Mn02 loading of 10%, after 20 h UV irradiation using 
xenon lamp. 
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The growth kinetics of C=O absorption are rather similar to those of a liquid 
film, and the rates of growth are not dissimilar, see fig. 6.2, implying a common 
mechanism of photo-oxidation. 
6.2 EXPERIMENT TO ASCERTAIN VMETBER FELM 
TFUCKNESS AFFECTS THE RATE OF 
PHOTODEGRADATION 
LP-977C films of varying thickness were cured using ca. 2% ý&02 and 
mounted onto cardboard, as in fig. 6.3. 
Fig. 6.3: Overview of mounted cured polymer film. 
CARDBOARD 
HOLDER 
RED LP 
IA 
These were irradiated using the UVBWeatherometer for approximately 1200 
hours with IR spectra being obtained at intervals throughout the irradiation. Fig. 6.4. 
shows that the thinner films develop carbonyl groups much faster than thicker films, 
as would be expected from their relatively greater permeability to oxygen. 
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Fig. 6.2: Profile of growth of 1726 cm-1 peak for LP-980C and 
LP-977C with and without Mn02 ( 10%). 
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Fig 6.4: Profile of growth of carbonyl peaks in cured LP-977C films 
of varying thickness (with a constant ciL 2% of Mn02), following UV 
irradiation in 'Weatherometer'. 
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6.3 EXPERIMENTS TO CONTROL FILM THICKNESS 
The experiment described in the previous section showed degradation to be 
faster in the thinner films and therefore films of similar thickness are required in 
making comparative studies. Since IR transmission is the simplest method for 
following UV degradation, thin films ( ý-, 1 mm) of approximately constant thickness 
are required to obtain reasonable spectra. Various attempts using Carrimed and 
Microtome devices and plastic spacers were made to cast thin films of reproducible 
thickness but with little success. 
.I" 
The best possible method we had for having some control over film thickness 
was to compare the IR absorption at various reference peaks, e. g. 791 cm", and to 
select films from a considerable number of samples which showed comparable 
absorption. This approach was adopted for all the following thin film experiments. 
6.4 EXPERIMENT TO ASCERTAIN VMETHER Nfn02 LOADING 
AFFECTS THE RATE OF PHOTODEGRADATION 
LPs 977C, 980C, 32C and 2C were selected for study. Thin films of each LP 
were curýd using three levels of Mn02 loading, i. e. ca. 7%, 5% and 2% by weight. 
These films were mounted. onto cardboard, (see fig 6.3), and their IR spectra were 
obtained; only those of comparable thickness were utilised. The films were then 
irradiated in the UVB 'Weatherometer' for approximately 2000 hours, with IR spectra 
being obtained at regular periods throughout the irradiation. A typical IR spectrum 
obtained during these film experiments is shown in fig. 6.5. 
Evidently the cured films undergo a similar photo-oxidative degradation to the 
liquid films as indicated by the measured value of v(C=O), see table 6.1. 
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Fig. 6.5. Spectrum showing the development of C=O and 0-11 
frequencies in LP-980C with a Mn02 loading of 2%, after 1890 h UV 
irradiation using 'Weatherometer'. 
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TABLE 6.1 Comparison of v(C=O) frequencies for Mn02 -cured LP films 
LP code no 0/0 02 Ist peak V/cnrl 2nd peak v/cnrl 
(±2 cnrl) (±2 cnrl) 
977C 10 1726 1685 
7 1726 1687 
5 1726 1687 
2 1726 1688 
980C 10 1725 1686 
7 1726 1687 
5 1726 1687 
2 1725 1687 
2C 7 1726 1687 
5 1726 1687 
2 1725 1687 
32C 7 1726 1686 
5 1726 1686 
2 1726 1688 
The v(C=O) is evidently virtually independent of the LP utilised and the 
loading of Mn02. Moreover, variation in the LP structure has no great effect on the 
rate of photodegradation of the cured film. 
Fig. 6.6. illustrates a trend for C=O development to be reduced when Ngher 
NfnO2 loadings are used to cure the LP. 
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Fig 6.6: Profile of growth of carbonyl peaks in cured LP-980C filins 
with varying quantifies Of M1102, following UV irradiation in 
'Weatherometer' 
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The role of the Mn02 is one which might have been expected to be significant 
in the photo-degradative process. Even Ti02 powder is known, under UV irradiation, 
to attack surrounding organic molecules, including polymers, by a process of 
oxidation' 2. and Mn02 is a much stronger oxidant than Ti02. However, we find that 
the presence of Mh02 does not greatly affect the photodegradation rate: it appears 
that the light absorption and scattering affects of MnO2 more than offset any photo- 
oxidative role it might play. Mn02 could also function by decomposing 
hydroperoxides or by scavenging radicals or electrons. 
6.5 EXPERIMENT TO ASCERTAIN WHETBER AN INCREASE 
IN TEMPERATURE AFFECTS THE RATE OF CARBONYL 
GROUP DEVELOPMENT IN FILMS 
Since the chamber in the UVB Weatherometer operates at approximately SOT 
and the xenon lamp also gives out considerable heat, it was important to assess 
whether increase in temperature has a bearing on C=O development. This assessment 
was carried out by exposing- a cured film of LP-980C with ca. 7% W02 loading to a 
temperature of ca. SOT for 168 hours. Since pQ development of carbonyl absorption 
was apparent it can be concluded that any small temperature rise wWch might occur 
during UV irradiation of thin films is insignificant as regards photo-oxidative 
degradation. 
6.6 TO ASCERTAIN TBE EFFECTS OF PHOTODEGRADING A 
CURED LP ON A SILICA SURFACE. 
Since IR transmission spectroscopy is the simplest method for following UV 
degradation of Us, thin discs of silica, (microscope cover slips), were examined as 
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potential supports for IR spectroscopic examination between 4500 and 1550 cm-1, 
and a matched pair obtained. These silica discs do not transmit IR radiation below 
certain wave numbers, (; ý-, 1500 cm-1), but it is possible to monitor the development 
of carbonyl groups in a coating on the silica. 
The LP-curative system chosen for examination was LP-977C with a Mn02 
loading of ca. 10%. A thin film of LP was cured on a silica disc and this was mounted 
onto cardboard, see fig. 6.7 and an IR spectrum was obtained prior to irradiation. 
Fig. 6.7: Overview of mounted film on microscope slide 
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The film was then irradiated through the silica for up to 155 h using the 
350 W xenon lamp. IR spectra were obtained at intervals throughout the irradiation, 
using the matched silica slide as reference. This type of experiment was repeated, but 
with the radiation entering the sample with the LP film facing the lamp, to assess 
whether passing the UV through the silica reduces the rate of degradation. A typical 
IR spectrum is illustrated in fig 6,8. 
From the growth kinetics of C=O absorption, see fig. 6.9, it can be concluded 
that the rate of development of C=O for the LP film facing the lamp is not dissimilar 
to that of the film irradiated through the glass. It was originally expected that passing 
UV through glass might slow the degradation of the film considerably, firstly because 
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of light absorption/scattering effects and secondly because of the reduced access to 
atmostpheric oxygen. 
Fig. 6.8: Spectrum showing development of C=O frequencies in LP- 
977C with a MnO2 loading of 10%, after 155 h UV irradiation 
through silica using xenon lamp. 
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Fig. 6.9: Profile of the development of C=O frequencies in LP-977C 
with a M1102 loading of 10% , coated on a silica disc, after 155 h UV 
irradiation using xenon lamp. 
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6.7 EXPERIMENT TO ASSESS THE EFFECT OF THE PRESENCE 
OF TERTIARY CARBON ATOMS IN THE LP ON THE RATE 
OF DEGRADATION. 
Experiments performed so far have indicated that variation in LP structure has 
no measurable effect on the rate of photodegradation. Us 2C and 12C were selected 
for comparison because LP-2C contains 10 times more branching agent than LP-12C. 
Thin films of both LPs, were cured using ca. 5% Mn02, and irradiated using the UVB 
'Weatherometer" for up to 1900 hours. 
Tertiary carbon . atoms are generally accepted as 
being more vulnerable to 
attack by02 and free-radicals and since LP-2C contains a higher level of branching 
agent, it inevitably has more tertiAry carbon centres present in its backbone, The 
kinetic curves for the growth of the respective C=O frequencies are illustrated in fig. 
6.10. 
Within the rather high level of irreproducibility, the rate of degradation 
appears to-be ý, irtually independent of the number of tertiary carbons represented by 
the level of branching agent, present. in the LP; if anything the rate of degradation is 
slightly slower in the LP-2C films. There appears then to be little difference in the rate 
of attackOf 02at hydrogen, atoms located on secondary and tertiary carbon atoms. 
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Fig. 6.10: Profile of growth of carbonyl peaks in Mn02 - cured 
LP-12C and LP-2C following UV irradiation in I Weathero meter'. 
Variation of Abs of peak @ 1688 cm-1 
LP-1 2C LP4 2C --*- LP-2C 
2.6-- 
U2 ................... 9 I......... . ............... 4....... 4-- *V . a 10 ...... F-- *. *, *'*** go 1.6 .. I, --- 
E, 
....... .. 
........... 
....... 
...... 
... 
.... ....... ...... 
....... 
...... 
0. 
0 C3 C2 C2 C2 C2 CD C2 Cý C2 C2 C3. CD CO C. CD P C2 C) C2 00 00 40 It 04 C5 00 w ;3 C4 0 co 40 It C4 Cý 40 C4 C4 C* V- A 
co C2 C2 C2 
C2 00 w 14 
4 D rý M *a M0- eq In 40 40 r- 00 
Irradiation time in hours 
Variation of Abs of peak @ 1724 cm4 
LP-1 2C --+- LP4 2C --*-LP-2C -*-LP-2C 
............ 
.......... ........... 00.6 
0 fWFR ! 11 #III1011miiinai0iNNs1EE1&mm1sasmmmNMMaRaAMM002a200M0M0MbAA&aaIaaMMMN0aaaMaMN0&2MMMNN 
C, 4 
42 C30 Cý co 4: 0 C) C) C3,45 a0 c2o co C3, C3, C3, gn C5 C3. Cý C3 c, C2 CD cow -*C-4c, Go 403 00 40 a C4 C, V, 40 :$ C4 0 00 40 1 C%4 qq It -4 In CO co CD - C'4 C') in w on P- 
Irradiation time In hours 
170 
Chapter 6: Results and Discussion 
6.8 THE RELATIVE EFFECTS OF UVA AND UVB RADIATION IN 
PHOTODEGRADATION 
An experiment was carried out to compare the effects Of 
UVA and UVB 
irradiation on the rate of photoclegradation of Mn02-cured LP films. Two films of 
LP-977C with Mn02 loading of ca. 5% were selected. One sample was irradiated in 
theUVB 'Weatherometer' and the other using the UVA chamber for up to 1400 
hours. 
From the kinetic growth curve for the peak at s: z-, 1726 cm", see fig. 6.11, it can 
be deduced that the rate of C=O development is approximately 20% faster when the 
films are irradiated using the UVB as opposed to LWA'Weatherometers'. 
Fig 6.11: Profile of growth of 1726 cm" peak for Mn02-cured LP 
films using i) UVA ii) UVB irradiation. 
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6.9 EXPERIMENT TO ASSESS EFFECT OF CARBON BLACK 
(ELFLEX 415) ON THE RATE OF PHOTODEGRADATION. 
Carbon black, (Elflex 415), is used widely in sealant fonnations, as a black 
pigment w ch possibly retards degradation. Morton International add 0.6 parts per 
hundred rubber, (phr), to insulated glass sealants to obtain the classic black colour. 
Therefore it was important to assess the effect of addition of carbon black on the 
photodegradation rate of Us. 
Films of LP-977C were made up with ca. 0,0.2,0.6 and 1% Elflex 415 and 
irradiated in the UV, 3Weatherometer. 
From the kinetic growth curves obtained for peaks at 1724 cm7 1 and 1688 
cnf', see fig. 6.12, it can be concluded that carbon black effectively retards carbOnyl 
development at levels of I and 0.6 phr, while at 0.2 phr only marginal protection is 
achieved. 
6.10 EXPERMIENTS TO ASSESS EFFECT OF ADHESION 
PROMOTER (Al 87) ON RATE OF DEGRADATION. 
Films of LP-977C cured with ca. 5% MnO2were prepared containing ca. 0,1 
and 3% A187 and irradiated in the UVB Weatherometer. All films containing the 
additive undergo a similar photo-oxidative degradation to the control cured film, the 
principal effect of photolysis being the development of C=O frequencies at ca. 
1724 cm7 1 and 168 8 cnf ' and a weak broad band in the O-H region. 
From the kinetic growth curves obtained for peaks at 1724 cm7l and 1688 
cm7l, see fig. 6.13, it can be concluded that adding 3% Al 87 increases the formation 
of carbonyl species in Mn02-cured LP films to a small extent. 
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Fig. 6.12: Profile of growth of carbonyl peaks in Mn02-cured 
LP-977C films with varying levels of carbon black, following UV 
irradiation in UVB'Weathero meter'. 
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Fig. 6.13: Profile of growth of carbonyl peaks in M1102-cured 
LP-977C films with varying levels of A187 following UV irradiation 
in UVB 'Weatherometer'. 
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6.11 EXPERRvIENT TO ASSESS EFFECT OF THE ACCELERATOR 
TETRAMETHYLTHIURAM DISULFIDE (TMTD) ON RATE 
OF DEGRADATION. 
TMTD is often added in small quantities to LP sealants to accelerate curing. 
Films of LP-977C with ca. 5% Mn02 were cured containing ca. 0,0.2 and 
0.5% TMTD and irradiated in the UV13 Weatherometer. 
From the kinetic growth curves for peaks at 1724 cm" and 1683 caf 1, see fig. 
6.14, it can be deduced that a small quantity of TMTD, i. e. 0.5 or 0.25 phr, retards 
the formation of carbohýl species in Mn02-cured LP films to a small extent. 
Aw 
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Fig. 6.14: Profile of growth of carbonyl peaks in Mn02 - cured LP- 
977C films with varying levels of TMTD, following UV irradiation in 
UVB 'Weatherometerl. 
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6.12 PHOTODEGRADATION OF LPS CURED USING 
ALTERNATIVE CURATIVES 
LPs 977C, 980C, 32C and 2C were selected for study and cured using: 
a) sodium perborate 
b) t-butyl hydroperoxide, TBHP. 
The amount of curative required was calculated according to the thiol content 
in the LP. To the sodium perborate-cured samples, 3 phr of 0.5M NaOH was added 
to accelerate the rate of cure, while for the TBBP-cured samples, I pph of 
tributylamýine was used. The films were irradiated in the UV13 'Weatherometer' for 
approximately 2800 hours and IR spectra were obtained periodically throughout the 
expenment. 
Typical IR spectra are illustrated in figs. 6.15 and 6.16 of these 
photodegraded films. 
Evidently the NaB03-cured films undergo a similar photo-oxidative 
degradation to Mn02-cured films, the principal effect of photolysis being the 
development of-C=O frequencieg dt'ca. 1724 ctifl and 1688 crn", (cf. Mn02-cured 
films at ca. 1726 and 1689 cm7'), and a weak broad band in the O-H region. 
The position of v(C=O) is evidently independent of the LP utilised, as can be 
seen from table 6.2. 
The kinetic curves for the growth of V(C=O) absorptions, see fig. 
6.17, are rather similar to those obtained for Mn02-cured films. 
Variation in the LP structure appears to have little effect on the rate of 
photodegradation of the cured film. Any minor differences are most probably due to 
variations in film thickness, with the thinnest degrading fastest. 
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Fig 6.15: Spectrum shows the development of O-H and C=O 
frequencies in LP-980C with NaB03 as curative after 2793.4 hours 
INB irradiation using the 'Weatherometer' 
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Fig 6.16 Spectra showing the development of O-H and C=O 
frequencies in LP-977C with TBHP as curative after a) 484.3 hours 
and b) 2468.9 hours UVi3 irradiation using 'Weatherometer'. 
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TABLE 6.2 Table to compare position of v(C=O) in NaI303-cured LP films. 
LP Code N' %NaB03 1"Peak v/cm" 
2cm-1) 
2 nd Peak v/cm-1 
2cm-1) 
977C 5 1724 1688 
980C 5 1724 1688 
2C 2.75 1724 1688 
32C 2.75 1724 1687 
The TBBP-cured films initially undergo a similar photo-oxidative degradation 
to NaB03- and Mn02-cured films, developing two peaks in the C=O region at 
1724 cnf 1 and 1687 cnf 1 but after extensive UV exposure, (500 hours plus), a single 
peak between 1741 - 1737 cnf 1 develops. 
TBBP-cured films appear to be more susceptible to photodegradation than 
films prepared with the other curatives investigated, with 75% of films undergoing 
failure after 816 hours of exposure. 
The growth kinetics of C=O absorption are initially similar to those for Mn02- 
and NaB03-cured films, see fig. 6.18, but these became less reproducible after long 
exposures, (< 800 hours), when films began to exhibit complete or partial failure. 
180 
Chapter 6: Results and Discussion 
Fig 6.17: Profile of growth of carbonyl peaks in NaB03-cured LP 
films following UV irradiation in 'Weatherometer'. 
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Fig 6.18: Profile of growth of carbonyl peaks in TBHP-cured LP 
films following UV irradiation in UVB'Weatherometer'. 
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Again there is no evidence to suggest that variation in the LP structure has 
any effect on the rate of photodegradation. 
Extending the range of LP-curatives does not affect the growth of C=O 
groups during photo-oxidation. Kinetic growth curves obtained for NaB03-cured LP 
films follow the same trend as those obtained for Mn02, while the growth curves for 
TBHP-cured films were similar initially although less reproducible in the later stages. 
It appears that the photodegradation mechanism of cured LP films is virtually 
independent of the curative used. It thus seems unlikely that the metal centres of the 
curatives themselves, e. g. Mn, B, are acting as sites for photodegradation, e. g. by a 
redox mechanism, and it is most probably the main functional groups in the polymer 
which are attacked directly. The relatively slower rates of failure of LP-films cured 
with Mn02 iSprobably due to its acting as a light filter. 
6.13 PHOTOGRAPHS OF UV - EXPOSED AND NON - EXPOSED 
FILMS 
Because the deterioration. of LP - polymer films after UV exposure is visible 
. 11 
to the naked eye due to the formation of cracks, a range of LP-polymer films cured 
with Mn02,. TBBP and NaB03 were photographed before and after exposure to UV 
for up to 800 hours. Evidence for deterioration is clearly apparent, as illustrated in 
figs. 6.19,6.20 and 6.21. 
TBBP- and NaB03-cured films appear to be much more susceptible to UV 
irradiation than those cured with Mn02; thus many such films exhibit complete or 
partial f4ilure at relatively short exposure times compared to Mn02-cured films. 
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Fig: 6.19a: Photographs of Mn02-Cured LP films before exposure. 
"'%_" 
'I': 4c 
THIN FILM 
BEFORE PHOTOLYSIS 
LP-2C = 9,9832 g 
Mn02 = 0.2013 g 
THICK FILM BEFORE 
PHOTOLYSIS 
LP-32C = 9,9885 g 
Mn02 = 0.5006 g 
FILM BEFORE 
PHOTOLYSIS 
LP-2C = 10 0065 g 
Mn02 = 0.5003 g 
II 
THIN FILM BEFORE 
PHOTOLYSIS 
LP-32C = 10,0115 g 
Mn02 = 0.1992 g 
184 
Chapter 6: Results and Discussion 
Fig 6.19b: Photographs of NInO2-Cured LP films after UV exposure. 
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Fig 6.20a: Photographs of NaB03-cured LP films before exposure. 
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Fig 6.20b: Photographs of NaB03-cured LP films after UV exposure. 
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Fig 6.21a: Photographs of TBHP-cured LP films before exposure 
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Fig 6.21b: Photographs of TBHP-cured 7,, P films after UV exposure 
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6.14 OPTICAL MICROSCOPIC EXAMINATION OF LP FILMS 
BEFORE AND AFTER PHOTODEGRADATION 
P4otographs were taken of LP films cured using TBHP, Mn02 and NaB03 
using an optical rnicroscope, before and after UV exposure. 
The dramatic change in surface morphology. of these films following UV 
exposure can be seen in fig. 6.22. These photographs show that TBHP-cured LP films 
exhibit a liquid-like appearance after prolonged exposure whereas Mn02-and NaB03- 
cured films exNbit a grainy texture. 
6.15 EFFECT OF ADDING CARBON BLACK TO LP FELMS 
CURED WITH VARIOUS AGENTS. 
A series of LP-977C films containing a constant level of carbon black, (0.6 
phr), were prepared using NaB03, TBBP and MnO2 as curatives. These samples were 
then irradiated in the UVB 'Weatherometer' for up to 2800 hours. 
From the kinetic growth curves of C=O absorption illustrated in fig. 6.23, it is 
clear that a relatively very rapid failure was observed in films cured using TBBP while 
the degradation rates of MnO2-and NaB03-cured films were not dissimilar. TBIHP 
curing therefore appears to confer less stability to UV irradiation than curing with 
NaB03 or Mn02- 
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Fig. 6-22a: Surface morphology photograph of TBHP-cured film before 
UV exposure. 
Fig. 6.22b: Surface morphology photograph of TBHP-cured film after 
UV exposure. 
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Fig. 6-22c: Surface morphology photograph of NaB03-cured film 
before UV exposure. 
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Fig. 6.22d: Surface morphology photograph of NaB03-cured film after 
UV exposure. 
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Fig. 6-22e: Surface morphology photograph of Mn02-Cured film before 
UV exposure. 
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Fig. 6.22h Surface morphology photograph of Mn02-Cured film after 
UV exposure. 
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Fig 6.23: Profile of growth of carbonyl peaks with various cured LP- 
977C films with constant carbon black content, but cured with 
different curatives, following UVB irradiation in 'Weatherometer'. 
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6.16 EFFECT OF VARYING TBHP LEVEL IN LP-977C-CURED 
FILMS 
Films containing various levels of TBIRP, i. e. 12,10,8 and 6 phr, were 
prepared and irradiated in the UV13 'Weatherometer' for up to 1800 hours. FTIR 
spectra were obtained at various intervals throughout the experiments. From the 
kinetic growth curves obtained for peaks at 1724 cnf 1 and 1685 cnf 1, see fig 6.24, it 
can be concluded that the level of TBIHP used to cure LP-977C has little effect on 
the rate of carbonyl development within the irradiated films. The highest TBHP level 
shows only a slight increase in the rate of degradation. 
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Fig. 6.24: Profile of growth of carbonyl peaks in LP-977C films 
cured with varying levels of TBHP following UVB irradiation in 
'Weathcrometer' 
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6.17 EFFECT OF USING CUC12 / KI AS A POTENTIAL INMBITOR 
SYSTEM FOR LP PHOTODEGRADATION. 
During the 19th Conference on "Polymer Degradation and Stabilisatioe' at 
the University of Sussex in September 1994, a presentation3 showed convincing 
evidence that a combination of KI/CuCI2 acts as an effective stabilising system for 
PVC. An experiment was therefore carried out using FTIR to assess whether this 
combination would inhibit photodegradation in LP samples. 
A series of LP-977C films containing 
i. CUC120.02 phr 
ii. KI 0.2 phr 
R CuC12 / KI 0.02 / 0.2 phr 
iv. No additives 
were prepared and cured using ca. 5% MnO2. These samples were irradiated in the 
UVB 'Weatherometer' for up to 2160 hours. FTIR spectra were obtained periodically 
throughout the irradiation to assess the rate of carbonyl, development within the films. 
From the carbonyl growth curves illustrated in fig. 6.25, it can be seen that 
this inhibitor system is ineffective for LP systems. If anything the incorporation of 
metal salts into the polymer appears to increase the rate of carbonyl formation. This 
result is not really surprising since metal impurities in polymers are thought to 
catalyse the fonnation of peroxides and hydroperoxides, leading to degradation. 
Whatever repair mechanism operates in irradiated PVC films does not do so in LPs. 
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Fig. 6.25: - Profile of growth of carbonyl peaks in Mn02-cured LP- 
977C films using CU(II)CI2 and KI as inhibitor following UV13 
irradiation in 'Weathero meter'. 
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6.18 EFFECTS OF USING TINUVINS 1130 AND 292 AS 
POTENTIAL 11, MBITORS FOR LP PHOTODEGRADATION. 
A series of LP-977C films containing I phr of Tinuvin were prepared and 
cured using ca. 5% Mn02- 
These samples were irradiated in the UVB 'Weatherometer' for up to 1700 
hours. FTIR spectra were obtained periodically throughout the experiment to assess 
the rate of degradation registered by carbonyl formation within the films. 
From the kinetic growth curves illustrated in fig 6.26, it can be concluded that 
although Tinuvin 1130 has no real effect in retarding the photodegradatioh rate in the 
LP films, Tinuvin 292 clearly shows some ability to reduce the rate of C=O 
development. 
6.19 EXPERRvIENTS TO ASSESS THE LEVEL OF TINUVIN 292 
REQUIRED TO REDUCE LP PHOTODEGRADATION. 
A series of LP-977C films containing 0.5,1,2 and 4 phr of Tinuvin 292 were 
prepared and cured using ca. 5% Mn02. These samples, together with a blank control 
were irradiated in the LJVB'Weatherometer' for up to 1700 hours. FTIR spectra were 
obtained at various periods throughout the experiment to assess the rate of 
degradation by carbonyl formation within the films. 
From the kinetic growth curves for the development of C=O peak at 1730 
crif', it can be concluded that the optimum level of Tinuvin 292 to inhibit 
photodegradation in an LP sample is between 0.5 and I phr. 
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Fig. 6.26: Profile of growth of carbonyl peaks in Mn02-cured 
LP-977C containing Tinuvins 292 and 1130 as inhibitors, following 
UV irradiation in 'Weatherometer' 
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Fig 6.27: Profile of growth of carbonyl peaks in Mn02-Cured LP- 
977C; experiment to assess the optimum level of Tinuvin 292 to 
inhibit degradation following UVB irradiation in 'Weatherometer'. 
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6.20 EXPERIMENTS TO ASSESS VMETHER CURED FILMS OF 
LP ZL-2264 PRODUCE CARBONYL BANDS WHEN 
EXPOSED TO UV IRRADIATION 
Films of LP-2C and ZL-2264 were cured using MnO2 and TBHP and then 
irradiated in the UV13 'Weatherometer' for up to 300 hours. 
The cured films of ZL-2264 undergo a similar photo-oxidative degradation to 
those of LP-2C, the principal effect of photolysis of ZL-2264 cured with Mn02being 
the development of C=O frequencies at ca. 1724 cM7' and 1688 cnf 1, (c. f. LP-2C 
Mn02cured films at ca. 1724 crrf 1 and 1688 crrf 1 ). As regards the TBHP-cured 
films, ZL-2264 gave C=O frequencies at ca. 173 3 caf 1 and 1692 cm7 1, compared to 
those for 1725 cm7l and 1688 cnf 1 for LP-2C. 
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The rate of growth and pattern of v(C=O) absorptions within the ZL-2264 
films appear to be rather similar to those obtained for cured films of LP. Evidently, 
variation in the LP repeat unit, Le. an extra CH2 in the polymer backbone, appears to 
have no effect on the rate of formation of C=O within the cured films. 
6.21 SOLID STATE lH NMR EXPERINIENT 
In an attempt to confirm that the 1725 ctif 1 carbonyl band seen in the UV 
irradiated polymer films relates to the same band assigned in the LP pre-polymer 
samples (cf 1725 cnf 1) to a formate ester by a 2-D NMR experiment, see chapter 
5.6, a cross polarisation-magic angle spinning solid state 1H NMR spectrum was 
obtained between 5 and 9 ppm on a heavily degraded TBHP-cured LP film. The 
experiment was unsuccessful in achieving confirmation, however, because the 
necessarily weak peak at 8 ppm assigned in the liquid sample to the formate ester 
could not, ýe, detected above the noise level in the powdered film sample. Only a 
broad, weakly resolved band was obtained between 0 and 10 ppm, with proton 
frequencieg detectable at 4.78,3.86 and 3.03 ppm. These peaks correspond to 
, 00. 
O-CU12-0 at 4.70 ppm, 0-_CH2-CH2 at 3.80 and O-CH2-_CH -SS at 2.89 for the 
liquid pre-polymers. 
6.22 DISCUSSION AND CONCLUSIONS 
All cured LP thin film samples, irrespective of structure and curing agent, 
including ZL-2264 (with an extra CH2 linkage in the repeat unit), produce a 
carbonyl absorption at 1725 crif 1 when exposed to UV irradiation. A 1725 cm"' band 
was also found in UV-irradiated LP pre-polymer samples, (see section 5.1) which 
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was assigned using NMR techniques as being due to the formation of a formate ester 
by a free radical route, common to other degraded linear polymers of generally similar 
structure such as poly(propylene oxide)4 where the formate ester is located at 1725 
cnf'. The use of solid state 'H NMR (above, section 6.21) was unable to confirm that 
the same degradation pathway is occurring in the cured film experiments, since the 
NMR spectra obtained were poorly resolved and the structural detail obtained was 
therefore limited. Irradiated films leached in CDC13 for long periods of time also failed 
to produce dissolved material enabling a search for the 8 ppm peak assigned to the 
formate ester. Even so, the similarity in shape and position of the photoproduced 
carbonyl band make it highly probable that the carbonyl band developed in all 
polysulfide UV. irradiated films is due to the same degradation pathway as the 
carbonyl development seen in the pre-polymer samples, i. e. a free radical route 
leading to the formation of a formate ester. A detailed mechanism for this reaction is 
illustrated in section 5.9. 
Oxygen plays a crucial role in the formation of the formate ester, indicating a 
photo-oxidative degradation route common to most polymer degradation 
mechanisms. This is constant with the film thickness experiment, (see section 6.2), 
where the thinner films degrade faster due to their relatively greater permeability to 
oxygen. 
Variation in LP structure has no perceptible effect on the rate of carbonyl 
formation; this is illustrated by comparing the photodegradation rates of MnO2 -cured 
films of LP-2C and LP-12C (see section 6.7). Although the former contains ten times 
more branching agent than the latter, and thus contains more tertiary carbon centres in 
its backbone, there is virtually no difference in the rate of carbonyl production. 
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The rates of attack of oxygen at the hydrogen atoms located on secondary 
and tertiary' carbon atoms appear to be similar, implying that the formate ester is 
derived from two pathways, namely (i) via the tertiary carbon centres as proposed by 
4 Griffiths et al. and (ii) via the secondary carbon atoms as indicated in the publication 
by Lemaire et al. 5 for the degradation of poly(propylene, oxide) and poly(ethylene 
oxide). This helps to confirm the mechanism proposed for the formation of formate 
ester in LP pre-polymers illustrated in section 5.9. 
Extending the range of curatives to include MnO2, NaB03 and TBHP does 
not affect the carbonyl growth during photo-oxidation, and the kinetic growth curves 
obtained follow a similar pattern, although films cured by the organic curative TBBP 
exhibit mechanical failure after relatively short exposure times. Lowering the level of 
TBBP used to cure the polysulfide (section 6.16) did not appear to increase the 
lifetime of these films. 
From visual examination and the photographic evidence illustrated in sections 
6.13 and 6.14, it is apparent that while the films cured with inorganic curatives 
.S 
develop 6racks and discolour after prolonged UV exposure, the TBHP-cured films 
, 00. 
develop a brown-liquid like appearance. The latter observation indicates that 
photodegradation in films cured with TBBP occurs via two competing mechanisms: 
(i) the formation of formate ester discussed previously via a free radical route, and (ii) 
an acid-catalysed hydrolysis mechanism, which is discussed in detail in Chapter 7. 
Because the extent of the free radical photodegradation mechanism for cured 
LP-films leading to carbonyl groups is virtually independent of the curative used, it is 
therefore unlikely that metal centres such as Mn, Pb, B and Ca, are acting as sites of 
degradation via a redox mechanism. It is the methylene groups within the main 
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functional groups of the polymer which are directly attacked by oxygen to produce 
the formate ester, most likely via attack at both the secondary and tertiary carbon 
atoms when the latter are present. 
Increased loading of MnO2 curative also appears to have an effect in reducing 
the extent of carbonyl formation in LP films, this curative appearing therefore to act 
as an efficient inhibitor of photodegradation for these systems. At higher levels, e. g. 7 
parts per hundred rubber (phr), the photodegradation rate is reduced. The addition of 
a strong oxidant such as Mn02 might have been expected to be significant in the 
overall photodegradative process of these polymers, since under UV irradiation even 
weak oxidising agents such as TiO2 are known to attack surrounding organic 
moleculesl, 2 by an oxidative mechanism. The fact that MnO2. appears to reduce the 
photodegradation suggests that the black colour of the films offers this protection 
simply as a result of light absorption and scattering effects, which appear to offset any 
photo-oxidative role Mn02might have been expected to play. 
Carbon black also efficiently retarded the photodegrative effects on LP films 
cured using Mn02(section 6.9). This was not unexpected since previous reseamjýj 
has shown that adding carbon black to polymer systems often protects against 
weathering effects; again this is most likely due to light absorption and scattering 
effects produced simply by the addition of a black pigment. The addition of carbon 
black to films cured using TBBP and NaB03. (section 6.15), also appeared to 
improve service lifetimes. Although the TBBIP-cured films still failed at relatively 
short UV exposures times compared to those cured using Mn02 and NaB03, no 
liquid-like appearance was produced in TBB? films protected using carbon black. 
The addition of KI/CUC12 
3 (section 6.17), proved to be unsuccessful in 
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inhibiting the production of carbonyl groups in LP films. In recent years, Tinuvin 
inhibitors such as 1130 and 292 have been used to help extend the service lifetimes of 
many polymers used in industrial applications. From section 6.18 and 6.19, it is clear 
that these are relatively inefficient in protecting cured films of polysulfide, Tinuvin 
292 offers a slight protection to photodegradative effects at a level between 0.5 and I 
phr. The normal stabilising effects of these HALS could be partly offset by their 
combination with sulfur acids derived from the oxidation of Us. Again, the sulfur 
acids could form sulfon an-ýides on reaction with the nitroxyl radicals derived from the 
amine. 
These various experiments indicate that the most efficient and economical 
inhibiting approaches for industrial polysulfide sealant formulations are the use of 
Mn02as curative and the addition of the pigment carbon black, at a level between 0.6 
and I phr. 
Additives such as tetramethylthiurarn disulfide (TMTD) and adhesion 
promoter A187 have little effect on the carbonyl formation. Results from experiments 
in sections 6.10 and 6.11 suggest that the addition of the adhesion promoter A187 
may slightly increase the photodegradation, rate in the preliminary stages while the 
addition of the curative accelerator TMTD may have a slight retarding effect in the 
early stages. Neither appears to have any great influence on the polymer 
photodegradative mechanism as indicated by development of the dominant carbonyl 
band at 1724 cnf'. 
The effects of adding plasticiser and filler to these polymers were impossible 
to assess using IR spectroscopy, because these additives already display very strong 
absorption in the C=O region of the IR spectrum. Experiments were conducted to 
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assess their effects on photodegradation using DMTA, but the results derived were 
irreproducible and equivocal as regards drawing conclusions. 
Any study of cured LP films was expected to be relatively difficult with the 
highly crosslinked polymeoc system exhibiting solvent resistance. Only the use of IR 
spectroscopy to monitor the rates of carbonyl formation in LP films was able to 
provide useful information on the photodegradation and photostabilisation effects 
associated with the various curatives, additives and inhibitors. 
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CHAPTER 7 
PHOTO- AND THERMAL DEGRADATION OF CURED LP 
BLOCKS 
An unusual phenomenon was observed whereby Us cured in the form of cast 
blocks using tertiary butyl hydroperoxide (TBBP) decomposed under heat or UV 
irradiation to produce a liquid exudate which appeared at the surface as droplets. A 
series of experiments on cured polymer blocks was therefore carried out to identify 
the nature of this exudate and hence the degradation process occurring. 
7.1 THERMAL DEGRAfATION AT 1400 C OF TBHP-CURED LP 
BLOCKS. 
Since ESI-MS was to be employed in the study of the production of this liquid 
exudate, the purified pre-polymer, Model A, of simple structure (for ESI-MS 
spectrum see fig. 3.4 section 3.1) was used for these experiments. Any changes in the 
structure of ýhe original LP arising as a result of degradation should be visible in the 
ESI-MS spectrum in the form of new peaks at different masses, but each new series 
should still be separated by 166 Da, the mass of the repeat unit. Two levels of TBBP 
were investigated: 
i) high levels of TBBP whereby one mole of TBBP is present for each mole of 
thiol. 
ii) low levels of TBBP whereby one mole of TBBP is present for two moles 
of thiol. 
Each polymer block was then placed into a glass vial and exposed in the presence of 
air to a temperature of 1400 C. After only 115 hours exposure, both blocks had 
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completely transformed to a polymeric liquid. Samples of these exuded liquids were 
taken at various time intervals throughout the experiment and examined using 
ESI-MS, IR, GPC, 1H and 13 C NMR- 
The amount of TBBP used in the curing reaction of the pre-polymer Model A 
appeared to have no effect on the rate of thermal degradation. 
ESI-MS spectra obtained for all samples exposed to 140' C for up to 310 
hours are virtually identical. A typical ESI-MS spectrum of these exudates is 
illustrated in fig. 7.1. The most notable features in these spectra are the presence of the 
.I" 
original A and B series (see section 3.1, fig. 3.4), and the appearance of new series at 
masses corresponding to the A and B series less 14 amu and 30 amu, a series A-2 
amu is also pron-dnent. There is also evidence for the existence of a new series at AB 
+76 amu, although these latter peaks are of very low intensity. 
The IR spectra obtained for these exudates showed the development of a 
broad band in the O-H region and a C=O peak at 1724 cnf 1. There was no peak at 
Ai 2560 cfff' which would indicate the regeneration of thiol (SH). A typical IR 
spectrum is illustrated in fig. 7.2. GPC analysis of the exudates proved to be 
uhinformative. 
1H NMR spectra show the appearance of a new triplet at 0.94 ppm. There is 
no evidence for the development of thiol since no triplet is present at ft 1.56 ppm. 
There is also no development of a peak at -- 8 ppm which would relate to production 
of a formate ester. An example of a typical 1H NMR spectrum is shown in fig. 7.3. 
13 C NMR spectra showed the appearance of two new peaks at approximately 
41 and 60 ppm. There is no peak development at r--- 160 ppm which would relate to 
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carbonyl formation and no peak at r-- 24.5 ppm which would have indicated the 
regeneration of thiol end groups. Fig. 7.4 shows a typical 13 C NMR spectrum. 
The A -14 amu series found in the ESI-MS spectra of these exudates can be 
assigned, on the basis of arguments presented in section 5.8, to the formation of: 
HO-C2H4-S(-S-C2H4-0-CH2-C2H4-S)n-IS-C2H4-OH 
while the B -14 amu series can be assigned to the above structure with one less sulfur 
atom in one of the repeat units. This species is formed from the hydrolysis of the two 
neighbouring formal linksl according to the following net reaction. 
R-0-CH2. -O-R + H20 o2 R-OH + CH20 (1) 
A more detailed explanation for this reaction can be found in section 5.8. 
Evidence for this assignment is supported by the IR and 13 C NMR spectra; the 
IR spectra show the development of O-H, while the new peaks at 41 and 60 ppm in 
the 13 C NMR spectra correspond to the existence of S-CH2-CH2-OH and S-CH2- 
CH2-OH respectively2. When a small quantity of Mn02 was added to these liquid 
exudates, no curing reaction was observed, indicating again that the thiol end groups 
had been replaced by O-H terminal groups. 
There is no evidence for the existence of SH end groups in the K 'H and "C 
NMR spectra and therefore the liquid exudate appears to be fonned via a hydrolysis 
pathway and not a depolymerisation reaction whereby the cured LP reforms the initial 
pre-polymer structure. 
The A +76 amu series can be explained by the reaction of the disuffide link in 
the A -14 amu series with formaldehyde by either of the following net reactions': 
R-S-S-H + CH20 >2 R-SH + CO (2) 
R-S-S-H + CH20_+ H20 62 R-SH + HC02H (3) 
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which lead to the formation of. 
1110-C2H4-S(-S-C2H4-0-CH2-C2H4-S), H 
A more detailed explanation for this reaction can be found in section 5.8. (The B+ 76 
arnu series can again be assigned to the above structure vAth one less sulfur atom in 
one of the repeat units). 
The original A and B series can be explained by two different pathways: if the 
+76 amu. structure undergoes reaction 2 or 3 then the original pre-polymer would be 
reformed; this is highly unlikely since there is no evidence for thiol end groups in 
.Iý, 
either the K 'H or 13 C NMR spectra. However, an alternative pathway could 
proceed via the reaction of two moles- of the +76 amu structure with one mole of 
formaldehyde by the following reaction: 
2 R-SH + CH20 I R-S-CH2-S-R + H20 (4) 
to give the following structure: 
HO-C2]ý4-ý(-S-C2H4-0-CHrC2H4-S). CH2(-S-C2H4-0-CH2-C2H4-S). S-C2H4-OH 
A more detailed explanation for this reaction can be found in section 5.8. Again, the B 
series carf be assigned to the above structure with one repeat unit containing only one Ao - 
sulfur atom. 
The A -2 amu, structure is most probably due to the formation of cyclic 
molecules'. The final series of mass spectral peaks needing consideration are those 
located at AB -30 amu. Various candidates are considered in section 5.8 but the 
exact structure remains unassigned. The simple loss of CH20unit from the polymer 
chain is the obvious explanation but the absence of thiol end groups rules this out. 
Another possibility is an ethyl-tenninated structure: 
HO, C2H4-S('S-C2H4-0-CH2'c2H4-S), SC2115 
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The triplet appearing at -- 0.94 ppm in the 1H NMR spectra suggested the 
formation of an ethyl end group, but a decoupling experiment ruled this out; 
moreover, there is no obvious mechanism to explain the production of such a 
structure. 
The development of a carbonyl band at ; t; 1724 cm7l in the IR spectra of these 
exudates provides evidence that the competing free radical autoxidation pathway is 
also occurring but is far less significant in TBHP-cured LP samples whereby a 
hydrolysis mechanism appears to be the principal degradation route. A more detailed 
account of the autoxidation reaction can be found in section 5.9. 
ESI-MS spectra obtained for all samples heated at 1400 C for 310 hours 
onwards are extremely complex, indicating heavy degradation, see fig. 7.5, making a 
full interpretation difficult. All the series described above are present, confinning the 
hydrolysis mechanism, but there is also the presence of new peaks at different masses, 
with each new series separated by 166 Da, the mass of the mer unit. These 
correspond to series A: +16, +30, +46, +60 and +90, which most likely correspond to 
the formation of secondary degradation products. The K lH and 13 C NMR spectra 
for these samples are virtually identical to those illustrated in figs. 7.2,7.3 and 7.4. 
A sample of pre-polymer Model A cured using a high level of TBBP was 
prepared with the addition of ;: ts 7% carbon black. This sample was heated to 1400 C 
for over 1000 hours but no liquid exudate was formed. Adding carbon black to this 
system therefore appears to inhibit the hydrolysis mechanism. 
Additional samples using the pre-polymer ZL-2264 were cured using a high 
level of TBHP; even after heating at 1400 C for over 1000 hours no liquid exudate 
was formed. This result indicates a greatly improved thermal stability of ZL-2264 
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compared to normally structured Us, and offers confirmation of the hydrolysis 
mechanism proposed above and discussed in detail in sections 5.8 and 5.9. This 
proposed mechanism depends on the presence of the formal linkage in the polymer 
chain as the initial site of hydrolysis to produce free formaldehyde, which then further 
attacks disulfide linkages. The variation in structure of ZL-2264, i. e. the CH20 
linkage in the repeat unit being replaced by C2H40, eliminates the formation of free 
formaldehyde, rendering this degradation pathway impossible. 
7.2 THERMAL DEGRADATION AT 800 C OF TBIIP-CURED LP 
BLOCKS. 
As in the previous section, samples were prepared using the purified pre- 
polymer, Model A, and high and low levels of TBHP. Blocks of these samples were 
then placed in glass vials and exposed to 80 0C until a liquid exudate was produced. 
The amount of TBBP used in the curing reaction of the pre-polymer Model A 
appears to have no effect on the rate of thermal degradation, with both samples 
decomposing to a polymeric liquid after 860 hours exposure. 
ESI-MS spectra obtained for all samples heated at 800 C for up to 1200 hours 
are virtually identical. The most notable features in these spectra are the presence of 
the original A and B series (see section 3.1, fig. 3.4), and the appearance of new series 
at masses corresponding to the A and B series less 14 amu and 30 amu; a series A-2 
amu is also prominent. There is evidence for the existence of a new series at AB +76 
amu, although these latter peaks are of very low intensity. Spectra obtained are 
therefore similar to that illustrated in fig. 7.1. 
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GPC traces obtained for these samples are uninformative. IF, 'H and 13C 
NMR spectra obtained for these samples are virtually identical to those obtained for 
samples in section 7.1 and illustrated by figs. 7.2,7.3 and 7.4 respectively. 
The IR spectra obtained for these exudates showed the development of a 
broad band in the O-H region and a C=O peak at 1724 cnf 1. There is no peak at 
-- 2560 crn7' which would indicate the regeneration of thiol (SH). 
'H NMR spectra show the appearance of a new triplet at 0.94 ppm. There is 
no development of a peak at ft 8 ppm relating to production of formate ester, or a 
triplet at ; t: 1.56 ppm which would indicate thiol end groups. "C NMR spectra 
showed the appearance of two new peaks at approximately 41 and 61 ppm. There is 
no peak development at -- 160 ppm relating to carbonyl formation and no peak at -- 
24.5 ppm which would have indicated the regeneration of thiol end groups. 
These results indicate the same hydrolysis route as for samples heated at 
1400 C, see section 1.1, except that samples heated at 800 C undergo a considerably 
slower rate of degradation. The development of a carbonyl band at c-- 1724 caf 1 in the 
IR spectra of these exudates provides evidence that the competing free radical 
autoxidation pathway is also occurring, see section 5.9 for a detailed explanation of 
this mechanism. 
An LP sample cured using a high level of TBHP and an addition of ft 7% 
carbon black was prepared. This sample was exposed to 800 C for over 3000 hours 
but, as in the case of the analogous experiment at 1400C, no liquid exudate was 
formed. Adding carbon black to this system therefore appears to inhibit the hydrolysis 
mechanism. 
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Additional samples using the pre-polymer ZL-2264 were cured using TBHP; 
even after heating at 800 C for over 3000 hours no liquid exudate was formed. This 
offers confirmation of the hydrolysis mechanism proposed for exudate samples in 
section 7.1 and discussed in detail for pre-polymers in sections 5.8 and 5.9. 
7.3 PHOTODEGRADATION OF TBHP-CURED LP BLOCKS. 
As in the previous sections, 7.1 and 7.2, samples were prepared using the 
purified pre-polymer, Model Aý and high and low levels of TBBP. Blocks of these 
samples were then placed in glass vials and exposed to UV until a liquid exudate was 
produced. The amount of TBBP used in the curing reaction of the pre-polymer 
Model A appears to have a crucial effect on the rate of photodegradation, since no 
liquid exudate formed in the samples cured with the low level of TBBP, even after 
extensive LIV-exposure of 1500 hours. 
ESI-MS spectra obtained for samples cured with a high level of TBHP and 
exposed to UV irradiation for'up to 1400 hours are extremely complex, indicating 
heavy degradation. They are virtually identical to the spectra obtained for heavily 
thermal degraded samples (310 hours plus at 1400 Q described in section 7.1 and 
illustrated by fig. 7.5. 
The most notable features in these spectra are the presence of the original A 
and B series (see section 3.1, fig. 3.4), and the appearance of new series at masses 
corresponding to the A and B series less 14 amu and 30 arnu; a series A-2 amu is also 
prominent. There is evidence for the existence of a new series at AB +76 amu, 
although these latter peaks are of very low intensity. These peaks indicate the same 
hydrolysis route seen in TBHP-cured samples exposed to heat see sections 7.1 and 
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7.2, and for extensively degraded pre-polymer samples see sections 5.8 and 5.9. There 
is also the existence of other series; these correspond to series A: +16, +30, +46, +60 
and +90, which most likely arise from the formation of secondary degradation 
products. 
GPC traces obtained for these samples are uninformative. 'H and "C NMR 
spectra obtained for these samples are virtually identical to those obtained for samples 
in section 7.1 and 7.2, illustrated by figs. 7.3 and 7.4 respectively. 
. 0,0. 
The IR spectra obtained for these exudates showed the development of an 
intense broad band in the O-H region and an intense C=O peak at 1747 crn*', i. e. not 
at 1724 crn" as seen for thermally degraded samples in sections 7.1 and 7.2. The 
development of a large carbonyl band at 1747 caf 1 in the IR spectra of these exudates 
provides evidence that the competing free radical autoxidation pathway is also 
occurring but is much less significant than the hydrolysis pathway, see section 5.9 for 
a detailed explanation- of these mechanisms. No carbonyl peaks were detected in the 
NMR spectra of these samples. 
An-LP'sample cured using a high level of TBFIP and an addition of z 7% 
carbon black was prepared. This sample was exposed to UV irradiation for over 
3000 hours but no fiquid exudate was formed; again, carbon black therefore appears 
to inhibit the hydrolysis mechanism. 
Additional samples using the pre-polymer ZL-2264 were cured using TBHP; 
even after exposure to UV irradiation for over 3000 hours no liquid exudate was 
formed. This confirms the hydrolysis mechanism which depends on the presence of 
the formal linkage in the polymer chain as the initial site of hydrolysis to produce free 
formaldehyde, which then further attacks disulfide linkages. This mechanism is 
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described for exudate samples in section 7.1 and discussed in detail for pre-polymers 
in sections 5.8 and 5.9. 
7.4 DEGRADATION OF TBHP-CURED LP'H'BLOCKS. 
'H' block samples were prepared as described in section 2.3.4 using the 
purified pre-polymer, Model A, and a high level of TBBP. Three types of method 
were used to degrade these samples: 
i) heating at 80' C 
ii) heating at 1400 C, and 
iii) UV exposure. 
An unusual phenomenon was noticed whereby 'H' block LP samples cured 
using tertiary butyl hydroperoxide (TBBP) decomposed under 1400 C heat or UV 
irradiation to produce a pool of liquid at the centre of the block just under the 
polymer/glass interface. Samples of these liquids were taken at various time intervals 
throughout the experiment and examined using ESI-MS, IR, GPC, 1H and 13C NMR. 
'H' block samples heated at 800 C did not produce this polymeric liquid even after 
3000 hours exposure, indicating that. these TBFIP-cured LP 'H' block samples are 
relatively stable at temperatures up to 800 C. 
Both UV- and heat- (1400 C) treated samples produced a liquid exudate after 
only 168 hours. ESI-MS spectra obtained for all samples exposed to either UV or 
1400 C for up to 860 hours are virtually identical, and similar to that illustrated in fig. 
7.1. The most notable features in these spectra are the presence of the original A and 
B series (see section 3.1, fig. 3.4), and the appearance of new series at masses 
corresponding to the A and B series less 14 amu and 30 amu; a series A-2 amu is also 
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prominent. There is evidence for the existence of a new series at AB +76 amu, 
although these latter peaks are of very low intensity. 
GPC traces obtained for these samples are uninformative. IR, 'H and "C 
NMR spectra obtained for these samples are virtually identical to those obtained for 
samples in section 7.1 and illustrated by figs. 7,2,7.3 and 7.4 respectively. 
The IR spectra obtained for these exudates showed the development of a 
broad band in the O-H region and a C=O peak at 1724 cnf 1. There is no peak at 
stý 2560 crn7' which would indicate the regeneration of thiol (SH). 
.r", 1H NMR spectra show the appearance of a new triplet at 0.94 ppm. There is 
no development of a peak at -- 8 ppT relating to development of a formate ester, or a 
triplet at stý 1.56 ppm which would indicate thiol end groups. 13 C NMR spectra 
showed the appearance of two new peaks at approximately 41 and 61 ppm. There is 
no peak development at f-- 160 ppm relating to carbonyl formation and no peak at rw 
24.5 ppm,,: wWch would have indicated the regeneration of thiol end groups. These 
results indicate the same hydrolysis route as for sample blocks exposed to heat at 1400 
'ß C, 800 Vand UV in section 7.1,7.2 and 7.3. 
'H' block samples were prepared with an addition of sts 7% carbon blacký 
these were then degraded by the above methods; even after extensive exposure times 
of 5000 hours none of these degradation methods yielded a liquid exudate. This result 
indicates that the hydrolysis mechanism is inhibited by the addition of carbon black to 
the system. 
Additional 'H' block samples using the pre-polymer ZL-2264 were cured 
using TBBP; even after extensive UV irradiation or heating at 1400 C for over 3000 
hours, no liquid exudate was formed. This offers confirmation of the hydrolysis 
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mechanism proposed for exudate samples in section 7.1 and discussed in detail for 
pre-polymers in sections 5.8 and 5.9. 
The development of a carbonyl band at -- 1724 cm7 
1 in the IR spectra of these 
exudates provides evidence for the less significant free radical autoxidation pathway, 
(see section 5.9 for a detailed explanation of this mechanism). 
7.5 DEGRADATION OF 1ý&02- AND NaB03 -CURED LP 
SANTLES. 
Polymer block and 'H' block samples were prepared using MnO2 and NaB03 
as curing agents. Three types of method were used to degrade these samples: 
i) heating at 800 C 
ii) heating at 1400 C, and 
iii) UV exposure. 
After extensive exposure times of 5000 hours none of these degradation 
methods yielded a liquid exudate in any of these samples. This result indicates that the 
hydrolysis mechanism which is the don-driant degradation mechanism of TBHP- cured 
LP samples and pre-polymer samples, is relatively insignificant in LP samples cured 
using Mn02 and NaBO3. Chapter 6 describes the development of a carbonyl peak at 
r-- 1725 cm7 1 in the IR spectra of LP films cured using these agents; indicating that 
the principal degradation mechanism for LP samples cured using Mn02 and NaB03 
is the free radical autoxidation pathway, (see section 5.9 for a detailed explanation of 
this mechanism). 
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7.6 DEGRADATION OF HDDA-CURED LP SAMPLES. 
Samples were prepared using the purified pre-polymer, Model A, and cured 
using hexane-1,6-diol diacrylate (HDDA). Blocks of these samples were then placed 
in glass vials and degraded by three different methods: 
i) heating at 800 C 
ii) heating at 1400 C, and 
iii) LJV exposure. 
Only samples heated at 1400 C yielded a liquid exudate after approximately 
. t., 
300 hours exposure. Samples exposed to UV and 800 C did not decompose to form a 
polymeric liquid even after 3000 hour, exposure times; indicating that acrylate-cured 
materials are more stable than TBHP-cured samples, but less stable than LPs cured 
with Mn02 or NaB03- 
Samples of the liquids obtained after exposure to 1400 C were taken at various 
time intery, 41s-throughout the experiment and examined using ESI-MS, K GPC, 1H 
and "C NMR. 
Thd ESI-MS spectrum of Model A reacted with HDDA is illustrated in 
. Iflo 
fig. 3.12, (section 3.8); it is more complex than that obtained for pre-polymer Model 
A, (fig. 3.4 section 3.1), with an additional series appearing in the spectrum 
attributable'to the monoadduct of HDDA with the LP. 
ESI-MS spectra obtained for samples exposed to 1400 C for up to 860 hours 
are extremely complex and therefore difficult to analyse fully. The most prominent 
features in these spectra are the presence of the original A and B series (see section 
3.8, fig. 3.12), the appearance of new series at masses corresponding to the A and B 
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series less 14 amu, and series A -30 amu and series A-2 amu are also prominent. 
Other new peaks are hard to identify due to the complex nature of these spectra. 
The IR spectra obtained for these exudates showed the development of a 
broad band in the O-H region and a large C=O peak at 1729 cnf 1. There is no peak at 
; ý-, 25 60 crrf ' which would indicate the regeneration of thiol (SH). GPC analysis of the 
exudates proved to be uninformative. 
'H NMR spectra show no evidence for the development of thiol since no 
triplet is present at %zý 1.56 ppm. There is also no development of a peak at -- 8 ppm 
which would relate to production of formate ester. 13 C NMR spectra showed the 
appearance of two new peaks at approximately 41 and 61 ppm. There is no peak 
development at %te 160 ppm, which would relate to carbonyl formation and no peak at 
-- 24.5 ppm which would have indicated the regeneration of thiol end groups, 
These results indicate the, same hydrolysis route occurs in HDDA cured-LP 
samples degraded at 1400 C as in TBBP-cured samples, sections 7.1-7.4, and 
discussed in detail for pre-polymers in sections 5.8 and 5.9. 
Another sample of pre-polymer Model A cured using HDDA was prepared 
with the addition of ;w 7% carbon black. This sample was exposed to 1400 C for over 
2000 hours but no liquid exudate was formed. Adding carbon black to this system 
therefore appears to inhibit the hydrolysis mechanism. 
An additional sample using the pre-polymer ZL-2264 was cured using HDDA, 
but even after exposure to 1400 C for over 2000 hours no liquid exudate was formed. 
This confirms the hydrolysis mechanism which depends on the presence of the formal 
linkage in the polymer chain as the initial site of hydrolysis to produce free 
formaldehyde, which then further attacks disulfide linkages. This mechanism is 
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described for exudate samples in section 7.1 and discussed in detail for pre-polymers 
in sections 5.8 and 5.9. 
'H' block samples were prepared as described in section 2.3.4 using the 
purified pre-polymer, Model A, and HDDA; these were then degraded by the three 
methods described previously. None of these 'H' block samples produced a polymeric 
liquid even after 3000 hours exposure, indicating that HDDA-cured LP 'H' block 
samples are relatively more stable than those cured using TBHP. 
7.7 DISCUSSION AND CONCLUSIONS 
The liquid formed when TBBP-cured LP samples are exposed to prolonged 
periods of UV irradiation or heat is a result of the hydrolysis mechanism described in 
sections 5.8 and 5.9 for pre-polymer samples, and not a simple depolymerisation 
reaction since there is no evidence for thiol end groups in either the IR or NMR 
spectra of these exudates. This degradation route involves the initial cleavage of the 
formal group to release formaldehyde, followed by secondary reactions to form 
. S. 
. 0... products 
identified in the ESI-MS spectra of these exudates. The development of 13C 
CH2 NMR peaks due to SC CH20H and SCH2CH20H at 41 and 60 ppm provides 
support for the hydrolysis mechanism. 
Further evidence for this hydrolysis mechanism being the principal route of 
degradation in these TBHP-cured samples comes from samples prepared using 
ZL-2264, (which has no formal link in its chain), when no liquid exudate developed 
even after extensive exposure times. Also, exudates could not be re-cured using 
ý&02, confirming that SH end groups are no longer present. 
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Since carbonyl bands at gtý 1724 cm" are present in the IR spectra of these 
exudates, there also appears to be a competing free radical autoxidation mechanism 
occurring, but this is much less significant. This autoxidation pathway is common to 
many polymer degradation studies, the closest analogies being those of 
poly(propylene oxidef' and poly(ethylene oxide)4 where attack at C-H adjacent to 
the ether oxygen atom leads to the formation of hydroperoxide and hence alkoxyl 
radical, followed by scission to produce a formate ester. Mechanisms for this free 
radical pathway are illustrated in section 5.9 for pre-polymer degradation. 
The addition of the pigment Carbon Black appears to prevent the hydrolysis 
mechanism, leading to a more thermally and photochen-tically stable polymer system. 
The level of TBBP used to cure the LP appears to have no effect on the lifetime of 
the thermal stability of the LP, but a lower level of TBBP appears to lead to improved 
photostability. 
TBBP-cured LPs in contact with glass, i. e. 'H' block samples, also appear to 
degrade principally via the hydrolysis route to yield a liquid exudate at the centre of 
the polymer block just below the glass/polymer interface. 
HDDA-cured LP samples appear to be more stable than those samples cured 
using TBBIP. Acrylate samples do undergo the same hydrolytic degradation 
mechanism as that described for TBHP samples in section 7.1 and for pre-polymers in 
sections 5.8 and 5.9. Carbon Black appeared to stabilise the material against this 
hydrolysis mechanism. 
LP samples cured using Mn02 and NaB03 as curative agents are more 
resilient to exposure to heat and UV. The principal route of degradation in these 
samples, according to the results of thin film studies described in chapter 6, appears 
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to be that of free radical autoxidation as described in section 5.9 for pre-polymer 
samples. The hydrolysis pathways appears to be inhibited by the addition of these 
curatives. 
The results of this chapter indicate that two degradation mechanisms occur in 
LPs, and the nature of the curative used detennines the principal pathway. The 
hydrolysis mechanism is clearly the most significant for TBBP-cured samples, leading 
to the formation of a polymeric liquid after extensive exposure to heat or UV, and this 
mechanism was also found to be dominant in the degradation of pre-polymers, see 
section 5.9. However, inW02- and NaB03- cured samples the free radical 
autoxidation mechanism is dominant. 
We have incorporated a wide range of analytical techniques to understand 
fully the phenomenon of the appearance of these liquid exudates since the degradation 
pathways of polysulfides are extremely rich and diverse. The origin of these liquid 
exudates appears to be hydrolysis, which agrees with the findings of Berenbaum and 
Rosenthal' in their thermal degradation study and our own results for degradation of 
C pre-polymers described in chapter 5. 
, O, o. 
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CHAPTER8 
PHOTODEGRADATION OF POLYSULFIDE POLYMERS AT 
THEIR INTERFACE WITH GLASS 
8.1 X-RAYPHOTOELECTRON SPECTROSCOPY (XPS) OF THE 
SURFACES OF A RUPTURED LP-GLASS SEAL 
Two 'H-Block' samples consisting of an Mn02-cured LP construction 
sealant, (see section 2.3.4 and 2.3.5 for formulation and preparation), in contact with 
window quality glass were prepared. One sample was used as a control, while the 
other was LTV-irradiated until the interfacial surface developed a conspicuous 
yellowish zone. The seals were ruptured following immersion in liquid nitrogen and 
the following surfaces were prepared to be analysed using YPS: 
A fresh glass surface as a control. 
ii Glass surface ruptured from exposed polymer. 
( iýý ) Unexposed polymee surface ruptured from glass. 
010 ( iv ) Unexposed polymer surface from centre of bond. 
Over the last two decades XPS has become an established technique for 
characterising the surface of polymers. 
1.7 The physical basis of XPS is the interaction 
of a beam of x-rays ( normally AI(KC) or Mg(Ka) ) with a solid sample. The kinetic 
energy, (EO, at which the photo-electrons leave the atom is measured using an 
electron energy analyser, which together with the sample and photon source is 
contained within an ultra high vacuum chamber. 7-9 
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The characteristic binding energy (EB) of the electron is a function of the 
energy level and chemical state of the element involved, and is related to the outgoing 
electron kinetic energy and the photon energy involved, ( hv 
): 
7-9 
EB= hv-Ek 
Electrons within the energy range 10 to 1500 eV travelling through a solid 
have a very high probability of suffering inelastic collisions and hence energy losses. 
Ionisation usually occurs to a depth of a few micrometers, but only electrons that 
originate at the surface can leave the sample without energy loss. Consequently 
excited electrons can escape only from a short distance beneath the surface, (2 nm or 
less ) and the technique is accepted widely as a surface chemistry method as far as 
solids are concemed. 7-9 
A sample of the surface of the glass we are utilising gave the XPS spectrum 
shown in fig. 8.1, from which characteristic electron energies can be observed from the 
Is orbitals of Na, 0, C, the 2p orbitals of Si, Ca, K, the 2s orbital of Si and the 3d 
orbital of Sn. A n-dnor peak observed may be due to trace amounts of Cd(3d). Auger 
electron peaks were also found due to carbon and oxygen. 
A technical complication which arose was that the glass surface, which is 
highly insulating, rapidly built up a positive charge, which has the effect of shifting the 
measured characteristic electron energies to lower values. To overcome this effect, 
electrons of low energy, Le less than 100 eV, were fired at the surface to neutralise 
the accumulating positive charge and restore the peaks to their expected values. This 
'electron flooding' brings its own problems, however, in so far as it inevitably results 
in the deposition of carbon on the sample surface and the consequent appearance of a 
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large signal due to C(Is). The amplitude of this signal thus has the effect of rendering 
all other signals relatively weak, even to vanishing point, see fig. 8.2. 
A glass surface ruptured from a polymer-glass seal following UV-irradiation, 
which presents a yellow-brown aspect attributable to residual adhering degraded 
polymer, gave the XPS spectrum shown in fig. 8.3. 
Fig. 8.1: XPS spectrum of a virgin glass surface. 
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Fig. 8.2: XPS spectrum of a virgin glass surface after bombardment 
with low energy electrons. 
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Fig. 8.3: XPS spectrum of a glass surface ruptured from exposed 
polymer. 
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The principal peaks are due to: C(Is), O(ls), Na(ls), CI(2s, 2p), and S(2p). 
Nfinor peaks are also attributable to Mn(2p), S(2s) Ca(2p) and possibly Cd(3d, 3p). 
Evidently, Si(2p, 2s) peaks are not observed and the Na(Is) peak is much reduced; 
both these peaks are expected &orn clean glass. However, peaks typical of the 
polymer such as S(2s), CI(2s) and Mn(2p) have emerged instead. 
Polymer sample ( iii ), which was not exposed to UV-irradiation but simply 
ruptured from its seal with glass, is also highly insulating and gave the spectrum 
shown in fig. 8.4, wWch features electron peaks due to: C(ls), 0(1s), Na(ls), 
CI(2s, 2p), S(2s, 2p), Ca(2p), Mn(2p) and possibly Sn(3d). Auger peaks are due to 
carbon and oxygen. 
Fig. 8A XPS spectrum of an unexposed polymer surface ruptured 
from glass. 
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We experienced technical problems with this sample due to slow outgassing; 
because the polymer had a relatively high vapour pressure, the vacuum could not be 
reduced below 10-7 n-dllibar, (which is the operational limit of the x-ray gun and 
analyser). 
A slow scan of the C(ls) peak, see fig. 8.5, revealed only a single broad peak 
with no substructure. It seems that for these types of polymer sample the resolution of 
any chemical shift within the C(ls) range is going to be almost impossible using this 
type of instrument. This is associated with the build-up of positive charge during the 
XPS experiments, and also the radiation damage to the polymer, which make the 
precise measurements associated with shifts very difficult. 
Polymer sample ( iv ), a freshly cut section of unexposed polymer, which was 
remote from the glass interface and is typical of the bulk of the polymer, gave the 
XPS spectrum shown in fig. 8.6. This shows all the peaks described for sample ( iii ) 
and also one due to F(ls). 
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Fig. 8.5: XPS spectrum of the C(Is) peak of an unexposed polymer 
surface ruptured from glass 
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Fig. 8.6: XPS spectrum of an unexposed polymer surface taken from 
centre of bond. 
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The origins of the elements identified by XPS are summarised in Table 8.1. 
Table SA: Origins of elements identified in XPS spectra of cured LP- 
glass interfaces following rupture. 
Sample Element Origin 
Glass sample ruptured Carbon Present in glass and in polymer backbone. 
from exposed polymer Oxygen Present in glass and in polymer backbone. 
surface. Sodium Present in glass. 
Calcium Present in glass and from CaC03 filler used in 
sealant. 
Cadmium ? Present in glass. 
Manganese From Mn02 curing agent used in sealant. 
Chlorine From plasticiser ( Cereclor 63-L 
Sulfur From polymer backbone. 
Unexposed polymer Carbon Present in glass and polymer backbone. 
ruptured from glass. Oxygen Present in glass and polymer backbone. 
Sodium Present in glass and possible impurities in 
sealant. 
Chlorine From plasticiser ( Cereclor 63-L 
Sulfur Present in polymer backbone. 
Calcium Present in glass and from CaC03 filler used in 
sealant. 
Manganese From MnO curing agent used in sealant. 
Tin Present in ýiass. 
Unexposed polymer Carbon From polymer backbone. 
surface from centre of Oxygen From polymer backbone. 
bond. Sodium Possibly from impurities in LP (since sodium 
salts are used in manufacture) or impurities in 
CaC03 filler. 
Calcium From CaCO, filler used in sealant. 
Chlorine From plasticiser ( Cereclor 63-L 
Sulfur From polymer backbone. 
Manganese From Mn02 curing agent used in sealant. 
Fluorine From fluorinated release agent used in sealant. 
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8.2 FTIR-ATR STUDY OF THE POLYMER SURFACE OF 
R 'UREDIýb%-CUREDPOLYSULFIDE GLASS BONDS. UPI 
Extended photolysis of 'H-Blocks' of two sections of glass plate bonded 
together by a 12 mm thick layer of Mn02-cured LP led to a readily fractured 
assembly, (when the adhesion promoter A187, was omitted). After the polymer-glass 
bond was broken, an IR spectrum of the surface was taken using attenuated total 
reflectance, (ATR), spectroscopy. 
Comparative sam les were run of unexposed material, the LP block surfaces p 
"near" and "remote7' from the light source and also a section midway across the 
block, (which had experienced no illumination whatsoever). 
The main points to emerge from these preliminary studies are: - 
i) that the fracture of the polyrner-glass bond is not associated with the 
development of C=O groups. 
ii) theie are signs of the progressive development of a weak broad 
band at stý 1600 cnf as the seal undergoes exposure. This feature is 
. 010, 
also present, but to a reduced extent in some of the blank samples. The 
species most probably responsible for this peak is a formate ion; 
sodium formate has its very broad carbonyl band at 1580 cnf 1, while 
Lemaire et al. assigned formate ions at 1605 cnf. 
A similar band is present in the LPs themselves and in the adhesion promoter, A187, 
which was not present in the test samples illustrated in the figures 8.7,8.8 and 8.9. 
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Fig. 8.7: FTIR-ATR spectra of Mn02-cured LP-977C surface 
after a) 286 hours and b) 929 hours in dark. 
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Fig. 8.8: FTIR-ATR spectra of Mn02-cured LP-977C 'near' polymer 
surface after a) 286 hours and b) 929 hours exposed to UV 
irradiation. 
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Fig. 8.9: FTIR-ATR spectra Of Mn02-cured LP-977C 'remote' 
polymer surface after a) 286 hours and b) 929 hours exposed to UV 
irradiation. 
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8.3 STATIC SECONDARY ION MASS SPECTROMETRY STUDIES 
OF LP POLYMER SURFACES. 
Preliminary samples consisting of a block of Mn02-cured LP-32C in contact 
with glass were prepared. One sample was used as a control, while the others were 
exposed to UV irradiation in the Sol-2 light box for 237 and 455 hours, when a 
yellow/ brown discolouration had developed at the polymer/glass interface. The seal 
was ruptured using liquid nitrogen and the samples were prepared for surface analysis 
by Static Secondary Ion Mass Spectrometry, also known as SIMS. 
The spectra obtained for all three samples were closely similar; each showed a 
peak at every mass from 13 to 149 mass units, with very similar intensities for both 
the unexposed and exposed samples. It was therefore impossible to obtain any useful 
infonnation on the presence of, and change in, functional groups using this technique. 
8.4 RAMAN STUDIES OF LP PRE-POLYMERS AND CURED LP 
SUVACES 
Attempts were made using the laser facility at Rutherford Appleton 
. 0.0 Laboratory to record the Raman spectra of UV-irradiated surfaces of an Mn02-cured 
sample of LP-32C, which'&played different levels of intensity in the yellow/brown 
discolouration that forins during extensive periods of UV exposure. We were unable 
to obtain suitable spectra from such a surface. However, it was possible to record a 
Raman spectrum of LP-32C pre-polymer, as shown in fig. 8.10, using the 363 nm line 
from an argon ion laser. The calibrate was toluene. The assignments of the major 
peaks in the spectrum are shown in table 8.2. 
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Table 8.2: Assignments of peaks in Raman spectnun of LP-32C. 
Frequency / cm-' Intensity Assignment 
2924 
2890 
Strong Asymmetric and symmetri c 
CH2 stretch. Sharp 
2558 Weak S-H stretch. Sharp. 
1471 Medium CHrO, CH2 scissoring 
deformation. Sharp. 
1420 Medium CHrS, CH2 stretch. 
Sharp. 
513 Strong S-S 
8.5 EDAX STUDIES OF CURED LP SURFACES 
Two samples consisting of a block of MnOrcured LP-32C in contact with 
.S 
glass w6fe prepared. One sample was used as a control while the other was UV- 
irradiated until a yellow/brown discolouration occurred at the glass/polymer interface. 
The seals were ruptured by immersion in liquid nitrogen and the samples were 
prepared for analysis on the EDAX instrument at Shipley Ltd., Coventry. 
Like the XPS studies summarised in section 8.1, the spectra obtained using 
EDAX were informative about the presence of elements such as sulfur, carbon and 
oxygen at the polymer surface, but no details could be obtained on the presence of 
ffinctional groups or their conversion following UV irradiation. 
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8.6 ELEMENTAL ANALYSIS BY CHN ANALYSIS. 
Samples were submitted for analysis of 
i) LP-32C pre-polymer, 
ii) LP-32C after approximately 4800 hours UV13 exposure, 
iii) an unexposed Mn02-cured LP surface and 
iv) Mn02-CUred LP surface after approximately 1000 hours UV exposure, showing a 
strong yellow-brown discolouration. 
The analysis obtained for each sample is given in table 8.3: 
Table 8.3: Elemental analysis of LP samples. 
Sample LP-32C LP-32C after MnO2-cured MnO2-cured 
4800 h UV13 LP-32C LP-32C 
(unexposed (surface 
surface) exposed to 
UV. ) 
Carbon % 36.85 36.68 33.95 33.52 
Hydrogen % 6.16 6.13 5.70 5.47 
From the results obtained, the elemental analysis of the pre-polymer samples 
appear to be almost unchanged after extensive UVB exposure. The elemental 
composition of the unexposed and exposed polymer surfaces also appears to remain 
largely unchanged, with some slight loss of C and H (presumably as volatiles or 
gases). It appears therefore the surface discolouration, which is visibly apparent in the 
exposed sample, is not due to the migration to, or formation of inorganic complexes 
at the surface, which remains largely organic. 
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8.7 ATTEMPTED LEACIUNG OF MnO2-CURED LP SURFACES 
Unexposed and UV-exposed IT block samples of Mn02-cured LP-32C were 
taken and sliced into thin layers, using a clean scalpel blade. These slices of polymer 
were leached for long periods of time, (up to one week), in solvents such as 
chlorofonn, THF and chloroforin-d. GPC, 1H NMR and FTIR analyses were then 
performed on these solutions. 
The GPC analyýis of these leached surfaces was relatively uninformative with 
all solutions showing a sirnilar RNRVID. The 'H NMR analysis produced identical 
spectra independent of whether the solution was leached from an exposed or 
unexposed block, or the relative position within the block, i. e. the polymer at the glass 
surface showed the same peaks as the polymer sample taken from the centre of the 
bond. As with the experiment of leaching cured films, see section 6.22, it is possible 
that leaching failed to produce sufficient dissolved material to enable a search to be 
made for the 8 ppm peak assigned to the formation of formate ester under prolonged 
UV exposure. 
FTIR analysis of c4lorofom-leached solutions was relatively more successful, 
with the appearance of a carbonyl band at 1723 ctff' found in the surface layer of the 
UV-exposed sample. This development of a carbonyl group at a UV-exposed 
polysulfide/glass surface indicates that the surface reaction is due to the same 
degradation pathway as that leading to carbonyl group formation in the pre-polymer 
samples, i. e. a free radical route leading to the formation of formate ester. A detailed 
mechanism for this reaction is given in section 5.9. 
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8.8 STUDY OF YELLOW DISCOLOURATION AT EXPOSED 
POLYMIER/GLASS INTERFACE BY FTIR 
A UV-irradiated 'H' block of Mn02-cured LP-32C was taken and the seal was 
ruptured by immersion in liquid nitrogen; the yellow/brown layer where 
discolouration had occurred, was carefully sliced away using a clean scalpel blade. 
This layer was then placed onto a cardboard mount and a thin-film FTIR spectrum 
was obtained, see fig. 8.11. This spectrum clearly shows the development of a broad 
band in the OH region and the development of carbonyl bands at 1723 cm" and 1688 
cnf',, and a broader band around 1600 crif 1. 
This result is quite surprising since detailed analysis of surfaces by ATR-FTK 
see section 8.2, did not show the development of carbonyl frequencies at 1723 cm*l 
and 1688 cnf 1, but was only able to detect the broad band at 1600 cnf 1. 
The band seen at 1723 cnf 1 is again most likely to be due to the development 
of formate ester at the polymer/glass interface by a free radical mechanism, see 
section 5.9. Leaching this thin surface layer in CDC13, followed by 1H NMR analysis 
on the resulting solution was unsuccessful in assisting detection of the 8 ppm peak 
which would have confinned the assigrunent to a formate ester. 
8.9 TENSILE TESTING OF lVln02-CURED LP-32C SAMPLES 
EXPOSED TO UV RADIATION WITH VARIOUS LEVELS OF 
ADHESION PROMOTER. 
When adhesion promoter, A187 was omitted from 'H' block samples, it was 
observed that after prolonged UV exposure at the polymer/glass interface, the 
polymer would strongly adhere to the glass, while those bonds containing A187 
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would often lose adhesion at the edges of the seal. An experiment was therefore 
conducted in which a range of 'IT block samples were prepared using different levels 
of adhesion promoter, i. e. 0,1 and 3 phr. The tensile strengths in Newtons of the 
resulting bonds before exposure were then obtained for each sample. 
The samples were then exposed to UV irradiation, and samples were removed 
at various periods of time throughout the experiment. The strength of the bond 
"remote" from the exposed side was firstly obtained for all three levels of adhesion 
promoter using the tensile tester at Morton International Laboratories. The glass on 
the remote side was then readhered to the polymer using Araldite, and allowed to set 
for I hour. The samples were then re-pulled on the tensile tester to obtain the tensile 
strengths of the UV-exposed bonds. The results obtained for these experiment are 
summarised in graphs in figs. 8.12,8.13 and 8.14.. 
From the graphs it can clearly be concluded that improved adhesion occurs in 
the sample in the absence of adhesion promoter after prolonged UV-exposure; it 
appears therefore that LJV exposure actually improves the adhesion of the polymer to 
the glass. 
The samples with adhesion promoter present initially show a loss in adhesion 
properties with exposure to UV, but after around 1000 hours the samples show an 
increase in bond strength; the samples with 3 phr promoter still show a lower value 
than that obtained originally, while the samples with I phr show a clear improvement, 
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Fig. 8.12: Graph to show load in Newtons against UV exposure time 
in hours with no adhesion promoter present. 
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Fig. 8.13: Graph to show load in Newtons against UV exposure time 
in hours with 1 phr adhesion promoter present. 
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Fig. 8.14: Graph to show load in Newtons against UV exposure time 
in hours with 3 phr adhesion promoter present. 
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8.10 DISCUSSION AND CONCLUSIONS 
Although extensive measures were undertaken to establish the nature of the 
discolouration at the polymer-glass interface in Mn02-cured polysulfide-based 
sealants, the methods undertaken were relatively unsuccessful. 
XPS is a technique which has become popular in recent years in analysing 
polymer surfaces, with numerous publications in the field 1-7 and so it was therefore 
logical to use this technique to analyse the changes occurring due to UV exposure at 
a polymer/glass interface. Although this technique was very informative in revealing 
. 11., 
the elements present at the surface, see table 8.1, we were unable to resolve chemical 
shifts owing to a build up of positive charge; moreover, the polymer samples also 
underwent radiation damage under the experiment, leading to further complication, 
and it was therefore impossible to obtain any accurate information on changes in 
functional groups occurring at the surface. 
ATR-FTIR'0,1.1 and static SIMS12 are also popular surface techniques for 
1, . 
analysing polymer surfaces, but no useful information could be obtained for LP 
surfaces using these techniques. Surface Raman IR and EDAX analyses were also 
ww 
unsuccessful. 
The elemental analysis (section 8.6) performed on the unexposed and exp9sed 
polymer blo'cks clearly showed that the material affording the discolouration at the 
interface was largely organic in nature. The leaching experiments of thin slices of 
bonds showed the presence of a carbonyl band at 1723 cm7 1 in the UV-exposed 
polymer/glass surface. This result was confirmed by the IR spectrum obtained for a 
thin film sample of the material exhibiting the yellow discolouration (fig. 8.11), 
although 1H NMR analysis on the necessarily dilute leached solution was unable to 
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detect the peak at 8 pprn characteristic of a formate ester, and ATR-FTIR 
experiments failed to detect the development of the 1725 cm71 band in UV-exposed 
surfaces, although a band at ca. 1600 cm7' attributable to formate ions" was visible. 
From the shape and position of the carbonyl band appearing at the UV-exposed 
polymer/glass interface, it is highly probable that the photodegradation pathway 
occurring is the same as that for the pre-polymer samples discussed in section 5.9, and 
the cured polysulfide films, section 6.21, i. e. a free radical route resulting in the 
production of a formate ester. The detailed mechanism is illustrated in section 5.9. 
The tensile experiment (section 8.9) shows that improved adhesion of the 
polymer to glass occurs following extensive UV irradiation, especially when an 
adhesion promoter such as A187 has been omitted from the formulation. 
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CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 
9.1 NlASS SPECTROMETRIC CHARACTERISATION 
We have developed a method of completely characterising the complex 
components that make up commercially used LPs, by means of electrospray ionisation 
mass spectrometry (ESI-MS), combined with collision induced dissociation (CID)"'. 
This appears to be the most comprehensive study of LP characterisation to date, 
offering a much greater level of detail than previous studies". 
ESI has proved to be a most useful addition to the armoury of mass 
spectroscopic techniques applicable to the characterisation of linear polysulfides. The 
individual spectra are well-resolved, enabling conclusions to be reached about the 
distribution of mers, within a given formulation, about the presence of variant mers 
(usually associated with additional oxymethylene or oxyethylene units or a 
monosulfide linkage, or some combination of these), about the identity of end-groups 
and about the nature and extent of simple reactions of LPs, for example with acrylate 
esters. The CID spectra of ions derived from Us reveal relatively simple 
fragmentation pathways, depending on the complexity of the LP structure. 
ESI spectra offer a very direct insight into the presence of variant mers and of 
the end groups. Some of these features can be detected in LP oligomers by 111 and 
"C NMR spectroscopy, but even then, the location of an anomalous group within the 
chain cannot be defined as precisely as it can be from CID spectra. Infra-red spectra 
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of Us offer only general information about the functional groups present and cannot 
be used to observe the presence of additional groups such as CH20 or C21LO. 
It is clear from the various ESI spectra portrayed, that while the technique 
provides very accurate mass information at RMM<2000, it gives a heavy bias towards 
the detection of low mass oligorners at the expense of those of higher mass, thus even 
when, as in LP-32C, the average RMM is ca. 4000, no peaks appear at nzlz > 2500 
and the ion abundances at m1z > 1800 do not reflect the abundances of oligomers 
present. Tl-ýs situation does not appear to arise from lower solubility of the high mass 
ý i-, 
oligomers since changing the mobile phase offered no advantage; this could suggest 
that ESI discriminates against ions of higher m1z values and perhaps coupling a GPC 
column to the instrument would allow the higher oligomers to be detected, as 
advocated by Simonsick and Prokai9,10. An alternative explanation is that although 
ESI is a very soft ionisation technique, there is still some fragmentation before 
detection in LPs, most likely at the weak disulfide linkage. 
_e, . 
Fast atom bombardment mass spectrometry (FAB-MS) studies of Us gave 
rise to ftagm6ntation spectra similar to those obtained by ESIXID, thus 
d, o 
characterisation by this technique is somewhat limited but results obtained were able 
to support assignment Made using ESI-MS. 
We, have also been successful in obtaining detailed spectra of LPs using matrix 
assisted laser desorption ionisation time-of-flight mass spectrometry, (MALDI-TOF- 
MS); although these spectra are well resolved and exhibit a separation between peaks 
of 166 Da, the molecular weight of the repeat unit, they are not as informative as 
spectra obtained by ESI-MS. We also had a complication, i. e. the formation of silver 
clusters [Ag(Ag2S). ]+ at higher laser powers or high silver concentrations. The 
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correct molecular mass distribution for LPs is not obtained, with low mass oligomers 
being detected at the expense of high mass oligomers. Possible explanations for this 
are: 
i) there is a bias for the detector to favour the detection of low mass 
oligomers, especially in very polydisperse samples, as with commercial Us. 
ii) the samples undergo fragmentation during ionisation, most likely at the 
weak disulfide linkage, and 
iii) only low mass oligomers undergo ionisation into the gas phase. 
Fractionation of an LP sample using a GPC column prior to MALDI-TOF-MS 
analysis may lead to high mass oligorners being detected using this technique, and 
hence the calculation of accurate molecular mass information for this class of 
polymers; this has been applied successfully by Montaudo et al. " for polydisperse 
samples of various well-known polymers, e. g. acrylates. 
We have been unable to obtain spectra of the necessarily more complex 
degraded LP samples using MALDI-TOF-MS, whereas ESI-MS gave very useful 
data on the degradation process. 
Field desorption mass spectrometry (FD-MS) has also been successful in 
characterising LP samples, but this technique is less generally accessible and much 
more time-consuming than either ESI-MS or MALDI-TOF-MS. 
This thesis contains a detailed study of LPs using a wide variety of mass 
spectrometric ionisation techniques, of which there are no previous publications in the 
open literature. 
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9.2 DEGRADATION STUDIES OF LINEAR POLYSULFIDES. 
In this thesis we have shown that linear polysulfides (LPs) are degraded 
thermally and photochernically by two competing degradation pathways: 
i) a free radical autoxidation mechanism, and 
ii) a hydrolysis mechanism. 
UV photolysis or pyrolysis of LP pre-polyrners in the presence of air or 
oxygen resulted in the development of carbonyl groups detectable by IR and NMR 
spectroscopy, while 2-D NMR studies and the highly characteristic field positions of 
the NMR resonances show the carbonyl group to be due to a formate ester. 
Support for this assignment to a formate ester comes from studies of 
12-14 14 
poly(propylene oxide) and poly(cthylene oxide) , where attack at the C-H bond 
adjacent to the ether oxygen atom leads to a hydroperoxide and hence an alkoxyl, 
radical, follOWed by scission to give a formate ester, as described in detail in section 
5.9. 
The formate ester arises as a result of a conventional free radical mechanism 
of autoxiclation and is derived from two pathways, namely: 
i) via the tertiary carbon centres (when present in LP) as proposed by 
Griffiths et al. 12 , and 
H) via the secondary carbon atoms as indicated by Lemaire et al. 14 
The level of branching agent present in the pre-polymer appears to have little effect 
on the rate of degradation, supporting the theory that both secondary and tertiary 
carbon centres undergo attack. 
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All thin film samples of cured LP, irrespective of the LP structure and curing 
agent, including ZL-2264 (with an extra CH2 linkage in the repeat unit), produce a 
carbonyl absorption at 1725 cm*l when exposed to UV irradiation. This 1725 cm" 
band was also found for degraded LP pre-polymer samples (including ZL-2264) and 
assigned, using NMR techniques, as being due to the formation of a formate ester by 
a free radical route. The use of solid state 'H NMR (above, section 6.21) was unable 
to confirm that the same degradation pathway is occurring in the cured film 
experiments, because the NMR spectra obtained were poorly resolved and the 
structural detail obtained was therefore limited. Irradiated films leached in CDC13 for 
long periods of time also failed to produce sufficient dissolved material to enable a 
search to be made for the 8 ppm peak assigned to the formate ester. Even so, the 
similarity in shape and position of the photoproduced carbonyl band make it highly 
probable that the carbonyl band developed in all polysulfide UV-irradiated films is 
due to the same degradation pathway as the carbonyl development seen in the pre- 
polymer samples, i. e. a free radical route leading to the formation of a formate ester, 
(see section 5.9). 
The study of liquid exudates formed when TBBP- and HDDA- cured LP cast 
blocks are exposed to prolonged periods of heat or UV irradiation also show the 
development of carbonyl bands at 1724 cnf' in their IR spectra, again indicating that 
degradation is occurring at least in part via a free radical mechanism. 
ESI-MS studies of degraded pre-polymer samples and liquid exudates show 
that, in parallel with the degradation route involving oxygenation of a methylene 
group demonstrated by IR studies and NMR studies, there is a hydrolysis mechanism 
involving initial cleavage of the formal group to release formaldehyde, followed by 
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secondary reactions to give other products detected in the ESI-MS spectrum of the 
photolysate/pyrolysate. This mechanism is discussed in sections 5.8 and 5.9, and 
confirmed by the extremely slow degradation of ZL-2264, which has no formal group. 
The hydrolysis mechanism is the principal route for the degradation of LP pre- 
polymers; the development of 13 C NMR peaks due to SCH2CH20H and 
SCH2CH20K at 41 pprn and 60 ppm respectively, finds support from model 
compound studies of bis-(2-hydroxyethyl)disulfide'5 which yielded 13C resonances at 
40 and 59.4 ppm. The stability of ZL-2264 as compared to all other LPs points to the 
crucial role of the formal groups as the locus of initial degradation. 
As regards the relative role of the two degradation pathways, (see section 
5.9), the relatively high intensity of peaks in the ESI-MS spectra of the degraded 
samples attributable to hydrolysed species, as opposed to oxidised species, indicates 
that, at least as regards pre-polymers, the hydrolysis pathway is dominant. 
Interestingly; we have shown in chapters 6 and 7 that in the photodegradation 
of LP polymers cured with MnOr or NaB03- (but not t-BuOOII), the photo- 
oxidative route is much more significant. However, there is still evidence that the Ow. 
hydrolysis pathway is also occurring but to a lesser extent, since IR studies of UV 
irradiated films show the development of O-H bands in their spectra (see chapter 6). 
In chapter 7 it is shown that TBHP- and HDDA- cured LP cast blocks 
decomposed under heat and UV to produce a liquid exudate which forms via the 
hydrolysis route; this is therefore the principal degradation route for LP samples cured 
using these curative agents, although the addition of carbon black is extremely 
efficient at inhibiting this process. ZL-2264 cured blocks did not form liquid exudates, 
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providing further evidence that the exudate is principally formed as a result of the 
hydrolysis mechanism. 
Compared to a normally structured LP, ZL-2264 displays greatly improved 
photo- and thermal stability, a result offering confirmation of the hydrolysis 
mechanism illustrated in fig. 5.18. This scheme depends critically on the presence of 
the formal linkage in the pre-polymer chain as the initial hydrolysis site to produce 
free formaldehyde, which then further attacks disulfide linkages. The variation in the 
repeat unit of ZL-2264 of replacing the CH20 linkage vvith C21-LO eliminates any 
possibility of the formation of formaldehyde by this reaction, therefore making 
degradation by this particular hydrolysis route impossible. This is a key finding in the 
present search for means of extending the lifetimes of polymers based on Us. 
The results of chapters 5,6 and 7 indicate the duality of the degradation 
mechanism of Us. The hydrolysis mechanism, advocated by Rosenthal and 
Berenbaum", is the more significant for pre-polymers and HDDA- and TBBP-cured 
LP samples, while for LP samples cured using Mn02- and NaB03-, the principal 
degradation route is that of free radical autoxidation. In this thesis a wide range of 
analytical techniques have been applied to the solution of the mechanism of 
polysulfide degradation, which is so mechanistically rich and diverse. 
9.3 PHOTODEGRADATION OF 1ýb%- CURED LINEAR 
POLYSULFIDES AT THEIR INTERFACE WITH GLASS. 
Although extensive measures were undertaken to establish the nature of the 
discolouration at the polymer-glass interface in Mn02-cured polysulfide-based 
sealants, the methods undertaken were relatively unsuccessful. 
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XPS was informative in revealing the elements present at the surface of a 
polysulfide sealant, but we were unable to resolve chemical shifts owing to a build up 
of positive charge; moreover, the polymer samples also underwent radiation damage 
during the experiment, leading to further complication. It was therefore impossible to 
obtain any accurate information on changes in functional groups occurring at the 
surface. 
Using techniques such as ATR-FTIR, static SIMS, EDAX, surface Raman 
and IR gave no useful information on the nature of the yellow discolouration formed 
on photolysis. Elemeniýl analysis performed on the unexposed and exposed polymer 
blocks clearly showed that the material affording the discolouration at the interface 
was largely organic in nature. 
Leaching experiments of thin slices of bonds showed the presence of a 
carbonyl band at 1723 cnf' in the UV-exposed polymer/glass surface. This result was 
confirmed by the IR spectrum obtained for a thin film sample of the material 
I- 
exfiffiting the yellow discolouration ( see fig. S. 11), although 1H NMR analysis on the 
necessarily dilute leached solution was unable to detect the peak at 8 ppm 
0,0. characteristic of a formate ester, and ATR-FTIR experiments failed to detect the 
development of the 1725 cm" band in UV-exposed surfaces, although a band at ca. 
1600 cnf attributable to formate ions was visible. From the shape and position of the 
carbonyl band appearing at the UV-exposed polymer/glass interface, it is highly 
probable that the photodegradation pathway occurring is the same as that for the pre- 
polymer samples discussed in section 5.9, and the cured polysulfide films, section 
6.21, i. e. a free radical route resulting in the production of a formate ester, which is 
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ultimately hydrolysed to formate ion. The detailed mechanism is illustrated in section 
5.9. 
The tensile experiment (section 8.9) shows that improved adhesion of the 
polymer to glass occurs following extensive LJV irradiation, especially when an 
adhesion promoter such as Al 87 has been omitted from the formulation. 
9.4 FUTURE WORK 
Although we have been able to characterise fully the components that make up 
a commercial LP using mass spectrometric techniques such as ESI, MALDI and FD, 
we still have been unsuccessful in obtaining accurate molecular weight information for 
this class of polymer. To remedy this, separation of LP polymer samples using a GPC 
column could be undertaken and each fraction analysed by ESI-MS, MALDI-TOF- 
MS or FD-MS. This approach has been undertaken successfully in EST-MS studies by 
Simonsick and Proka?, 10, and by using MALDI-TOF-MS for accurate molecular 
weight analysis of polydisperse polymers by Montaudo et al. ' 1 
Another interesting approach to ESI-MS analysis of LP pre-polymers may be 
to use calcium- or copper- based salts in the solvent system, instead of ammonium 
chloride or potassium iodide, in an attempt to generate doubly charged ions, which 
might lead to more information about the higher molecular weight molecules present 
in these samples. Use of a silver salt would also be interesting in comparing ESI-MS 
results with MALDI-TOF-MS, to establish whether the silver cation becomes 
attached to the sulfur atom and whether A92S clusters form under electrospray 
ionisation conditions. Further research into an ideal solvent/salt system for analysis of 
LP samples by ESI-MS and ideal matrix/salt system for analysis by MALDI-TOF-MS 
could also be undertaken. 
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In this thesis, we have clearly defined the two degradation pathways occurring 
within LP based samples. Further research could continue in this area to assign the 
A, B -30 amu series present in the ESI-MS of degraded pre-polymer samples and 
liquid exudates. Also, further studies to assign the new series seen in the heavily 
degraded liquid exudates could be undertaken to give an insight into secondary 
degradation reactions. Further studies could also be carried out to assess the 
degradation routes occurring when pre-polymer and cured samples are placed under 
an inert atmosphere. We could also look at the effects that infra-red irradiation, 
ozone, humidity, etc. mýý have on the service lifetimes of these polymers. 
More research could continue into finding suitable inhibitors to prevent LP 
degradation. ZL-2264 clearly showed a greatly improved photo- and thermal stability 
compared to normally-structured LPs, and therefore studies into the degradation 
mechanisms of Us with a slight variation in structure, i. e. a monosulfide linkage 
replacing the disulfide linkage, could be undertaken with a view to finding a more 
chemically stable LP. 
Since LP-based conunercial sealants contain various additives such as 
ýf'o plasticisers, fillers, adhesion promoters, etc., further studies could be carried out to 
assess the effects these may have on the degradation and service lifetime of these 
sealants. 
Further surface analysis could be undertaken to establish the exact nature of 
the yellow discolouration observed at the polymer/glass interface of Mn02-cured LP 
polymers when exposed to UV irradiation. 
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